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Preface  to  Volume  II 


This  volume  contains  two  chapters,  covering  work  with  production  systems  in  the 
areas  of  self-augmenting  systems  and  problem  solving  using  heuristic  search.  Chapter  HI 
describes  a  simple  verbal  learning  system,  which  builds  a  discrimination  network  of 
productions.  Chapter  IV  describes  an  implementation  of  the  classic  means-ends  problem¬ 
solving  system,  GPS.  Each  chapter  has  an  abstract  and  a  detailed  table  of  contents.  It  is 
assumed  that  the  reader  has  some  familiarity  with  Volume  I  of  this  report,  which  discusses 
the  goals  and  conclusions  of  the  thesis  as  a  whole,  and  which  introduces  the  production 
system  language  in  which  the  systems  in  this  volume  are  implemented.  The  chapters  have 
a  similar  organization,  starting  with  a  general  description  of  the  task  performed  by  the 
system,  and  proceeding  to  a  description  of  the  system  and  its  behavior.  There  are 
sections  that  discuss  issues  with  respect  to  the  task  itself  and  with  respect  to  the  use  of 
production  systems. 
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Abstract.  EPAM  is  a  simple  model  of  verbal  learning  that  was  developed  to  simulate 
certain  features  of  human  learning,  but  it  has  also  turned  out  to  be  useful  for  certain  kinds 
of  discriminations  in  A1  programs.  This  chapter  describes  a  production  system  for  EPAM, 
featuring  the  automatic  addition  of  productions  by  the  basic  system  to  represent 
incremental  learning  of  three-letter  nonsense  syllables.  The  design  of  the  network 
represented  by  the  added  productions  is  discussed  and  its  growth  described.  Details  of 
the  EPAM  production  system  raise  several  issues  with  respect  to  general  EPAM  variations 
and  with  respect  fo  production  system  issues  such  as  the  right  set  of  production-building 
primitives.  A  comparison  of  the  present  program  to  a  similar  one  by  Waterman,  using  a 
radically  different  production  system  architecture,  is  carried  out,  highlighting  the 
advantages  of  the  present  one. . 
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A.  Introduction 


This  chapter  describes  a  production  system  (PS)*  implementation  of  Feigenbaum’a 
EPAM  (1963),  an  elementary  perceiving  and  memorizing  system  designed  to  eimutete  the 
learning  of  simple  nonsense-syllable  associations.  Each  association  is  a  pair  of  three-letter 
syllables,  called  the  stimulus  and  response.  The  association  is  mediated  internally  by 
memory  cues.  As  pairs  are  learned  a  discrimination  network  is  built  up  to  recognize 
stimuli,  producing  cues,  and  to  recognize  cues,  producing  responses.  The  following  is  an 
example  of  pairs  to  be  learned: 


Stimulus 

Response 

PUK 

RIN 

KOF 

LYB 

POM 

LUB 

The  way  this  works  experimentally  is  that  the  experimenter  gives  a  stimulus  syllable  and 
then  a  response  syllable.  On  the  first  pass  through  the  list  of  pairs,  the  subject  can  make 
no  correct  responses,  but  on  later  passes,  he  tries  to  produce  the  response  immediately 
after  the  stimulus  is  given.  Producing  a  response  is  apparently  achieved  by  creating  first 
a  discrimination  on  the  stimulus,  to  produce  an  internal  memory  cue.  The  memory  cue  then 
leads  by  association  to  data  sufficient  to  produce  a  response.  The  only  feedback  the 
subject  receives  is  the  correct  response.  Pairs  like  the  ones  above  have  pitfalls  designed 
into  them.  For  instance,  the  syllables  "PUK"  and  "POM”  have  initial  letters  the  same,  and 
there  is  some  chance  that  a  subject  will  confuse  them,  since  the  theory  says  that  a  subject 
will  not  remember  a  complete  syllable,  but  rather  will  be  able  to  discriminate  only  on  the 
basis  of  something  like  "P— ‘ ",  P  followed  by  something  unknown  or  indistinct.  Thus  a 
second  pass  through  the  syllables  will  be  required,  to  extend  that  partial  discrimination  to 
something  like  "P-K"  or  "P-M",  (Psychological  evidence  dictates  against  the  variants  "PU-" 
or  "PO-M,  since  apparently  the  outer  positions  are  more  easily  made  use  of.)  Similerly, 
memory  cues  that  are  produced  as  a  result  of  discriminating  stimuli  are  partial,  for 
instance  "R— "  or  "L— "  for  the  above  task.  The  "R~"  cue  will  suffice  to  uniquely 
determine  a  response,  since  no  other  response  syllable  starts  with  R.  But  the  "L— "  cue  Is 
ambiguous,  and  in  fact  if  cues  are  extended  by  one  letter  each  time  the  subject  is  exposed 
to  a  pair,  two  more  exposures  will  be  required,  to  extend  the  cues  to  "L-B"  and  then  "LUB" 
and  "LYB". 

The  approach  here  encodes  the  net  as  a  set  of  Ps,  but  otherwise  follows  closely  the 
original  mechanisms  of  discrimination  and  learning.  This  is  an  initial  attempt  to  explore  the 
mechanisms  needed  for  a  PS  to  add  to  itself.  The  task,  however,  lacks  much  of  what  is 
interesting  about  the  process  of  learning,  as  is  indicated  by  the  following  attributes:  (1) 
learning  takes  place  at  well-defined  times;  (2)  the  Ps  on  which  learning  takes  place  are  of 
e  rigid  format,  and  are  modified  in  specific  fixed  ways;  (3)  the  credit-assignment  problem  is 
easy,  since  the  fault  may  lie  in  only  one  of  two  Ps,  the  one  that  discriminates  the  stimulus, 
or  the  one  that  discriminates  the  cue  to  produce  a  response. 


•  PS  will  be  used  to  abbreviate  production  system,  plural  PSs;  P,  to  abbreviate  production, 
plural  Ps. 


HI-1 


A. 


A. 


Introduction 


EPAM 


Nevertheless,  much  care  was  needed  in  the  design  of  the  program,  with  several 
discoveries  along  the  way  that  required  reworking  of  a  large  part  of  the  program  design. 
These  discoveries  mainly  centered  on  the  program’s  corrective  action  as  a  result  of  wrong 
reply.  The  initial  design  and  an  immediate  successor  failed  to  take  into  account  all  the 
possible  combinations  of  correct  and  incorrect  net  Ps  that  played  a  part  in  producing  the 
reply.  (This  comment  may  become  clearer  after  details  of  the  program  are  presented.) 
Once  the  details  had  been  worked  out  more  carefully,  the  program  was  easily  completed  to 
e  satisfectory  form.  This  illustrates  the  additional  difficulties  that  can  be  encountered  in 
designing  a  program  indirectly,  by  designing  a  program  that  produces  the  program.  Also, 
the  simple  description  of  EPAM  in  Feigenbaum  (1963)  fails  to  touch  on  many  of  the  issues 
of  design  that  led  to  the  mentioned  discoveries. 

As  background  for  this  description,  only  the  paper  by  Feigenbaum  (1963)  is 
necessary.  There  has  been  no  attempt  to  compare  the  learning  behavior  of  this  program 
with  any  data  from  human  subjects,  although  in  cases  where  there  is  slight  departure  from 
the  original  EPAM  design  as  portrayed  in  that  paper,  such  a  comparison  might  be  useful. 
Throughout,  EPAM  will  refer  to  the  present  PS  version,  unless  specifically  noted. 

Section  B  discusses  design  alternatives  for  the  representation  of  discrimination 
networks  in  PSs.  Section  C  explains  the  workings  of  the  network  built  by  EPAM,  avoiding 
details  of  EPAM  itself,  whose  exposition  is  the  subject  of  Section  D.  Section  E  discusses 
general  issues  with  respect  to  both  PSs  and  EPAM-like  processes.  Section  F  is  • 
comparison  to  Waterman’s  EPAM2,  which  is  implemented  in  a  contrasting  PS  language. 
Section  G  summarizes,  and  points  out  problems  for  further  investigation. 
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B.  Alternatives  in  the  Design  of  EPAM  Net  Productions 


EPAM  constructs  s  network  of  tests  that  is  used  to  discriminate  stimuli  in  order  to 
produce  the  response  half  of  a  stimulus-response  pair.  This  network  is  minimal  in  a  global 
sense:  it  doesn't  build  up  structures  that  recognize  full  syllables,  as  would  be  feasible  in  a 
computer  program.  Rather,  it  tries  to  base  the  network  on  a  small  amount  of  information, 
usually  building  up  tests  a  letter  at  a  time.  Actually  it  does  slightly  more,  adding  a 
negative  test  for  each  positive  one,  regardless  of  whether  some  current  task  demand  can 
make  use  of  the  negative  test.  The  result  is  that  sometimes  the  program  can  know  that  it 
doesn't  know  something,  because  it  is  making  use  of  a  negative  test  that  hasn't  been  used 
before.  The  program  builds  the  network  gradually,  with  successive  passes  over  the  set  of 
pairs  bringing  to  light  the  necessary  discriminations. 

There  are  several  ways  to  design  the  system,  varying  according  to  the  way  the  net 
is  represented: 

a.  Simply  using  PSs  as  one  would  any  other  language,  with  the  net 
represented  as  a  data  structure  with  an  interpreter. 

b.  Code  each  test  in  the  net  as  a  Pj  a  net  memory  cycle  would  involve 
perhaps  several  P  firings;  some  means  of  inter-communication 
between  the  Ps  would  be  necessary. 

c.  Code  each  association  path  through  the  net  as  an  LHS,  with  each  RHS 
representing  the  information  stored  at  terminals  of  the  net. 

For  the  present  implementation,  alternative  c.  was  chosen,  for  the  following  reasons. 
With  respect  to  alternative  a.  the  other  two  alternatives  are  better,  because  the  focus  of 
the  study  was  to  explore  mechanisms  for  adding  new  Ps  to  an  existing  set.  Alternative  e. 
was  judged  to  be  better  than  b.  because  it  corresponds  to  an  efficient  way  to  compile 
LHSs  for  matching.  Such  a  net  representation  would  be  optimal  in  preventing  duplication 
Of  tests  On  Working  Memory.  In  a  system  that  compiled  Ps  in  this  way,  EPAM  would  result 
In  a  network  in  form  as  well  as  in  intent.  Hayes-Roth  and  Mostow  (1975)  have  compiled  Ps 
for  speech  understanding  into  such  a  network. 

An  additional  design  consideration  for  alternatives  b.  and  c.  is  how  to  keep  track  of 
the  information  encoded  in  the  network  Ps,  which  is  necessary  when  additions  are  to  be 
made  to  the  network. 

I.  Selected  information  could  be  made  available  at  all  times  in  Working 
Memory. 

II.  The  same  information  could  be  distributed  to  the  RHS  Of  each  P, 
having  it  available  only  when  the  P  fires,  and  erasing  it  after  use  (to 
simulate  fading  of  short-term  memory  in  humans).  This  follows  the 
principle  that  long-term  information  is  stored  as  Ps. 

III.  The  system  could  be  limited  to  knowing  about  a  P  only  Indirectly 
through  its  effects. 

The  first  two  alternatives  essentially  allow  Ps  to  be  inspected  and  their  contents  modified 
(given  the  appropriate  PS  operators),  while  the  last  might  limit  action  on  Ps  to  simply 
adding  more  Ps;  for  instance,  Ps  might  be  added  to  modify  the  effects  of  an  undesirable  P 
after  they  had  happened,  but  before  they  had  been  converted  to  irreversible  external 
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behavior  or  internal  actions.  The  present  approach  is  a  compromise  between  the  first 
two:  information  on  a  P  is  kept  always  in  Working  Memory,  but  is  used  only  when  the 
name  of  a  P  is  available  due  to  a  recent  firing  of  that  P.  The  importance  of  this 
consideration  was  not  realized  until  after  EPAM  was  finished,  or  a  cleaner  (pure  ii.) 
approach  would  have  been  used.  In  any  case,  the  third  alternative  seems  more  difficult 
end  is  best  left  to  another  time. 
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C.  An  Example  of  the  Building  of  Net  Productions 


This  section  will  go  through  in  detail  the  building  of  a  simple  piece  of  the  network) 
emphasizing  the  network  built  rather  than  the  building  PS  process.  First,  some  general 
comments  are  necessary.  The  network  is  used  to  discriminate  two  types  of  inputs:  stimuli 
from  the  outside,  and  memory  cue*  stored  internally  in  RHSs  of  Ps.  When  a  stimulus  is 
presented,  a  cue  may  be  produced,  which  in  turn  is  fed  into  the  net,  to  possibly  result  in 
the  assertion  of  an  image  which  then  becomes  a  reply.  (Internally  in  this  program,  an 
image  and  a  reply  are  identical,  but  other  models  have  used  different  representations,  so 
the  naming  distinction  is  retained  here.)  An  image  may  be  produced  in  the  first  firing,  and 
e  cue  in  the  second,  but  these  are  erased  appropriately.  The  stimuli  are  perceived  in 
entirety,  that  is,  all  three  letters  of  the  syllable  are  available.  Each  letter  is  available 
separately,  associated  with  a  number  indicating  its  position  in  the  syllable.  It  may  be  that 
not  all  three  fetters  will  be  used  in  a  test,  however.  Cues  are  partial,  being  built  up  only 
as  is  necessary  to  produce  the  proper  reply  image.  That  is,  a  cue  consists  of  one  to  three 
letters  with  associated  positional  information,  [mages  are  complete,  leading  to  an  entire 
syllable  as  a  reply,  although  the  wrong  one  may  be  produced.  No  internal  information  on 
an  image  is  used  -  it  is  a  symbol  with  neither  positional  structure  nor  examinable 
components.  Strings  composed  of  letters  are  taken  to  be  perceptual-motor  primitives, 
avoiding  most  details  of  modelling  translation  between  modalities  of  encoding. 

A  network  for  a  particular  set  of  pairs  is  learc^d  in  several  passes  over  the  set. 
After  each  pair,  the  net  is  guaranteed  to  be  correct  for  that  pair  but  discriminations  made 
for  it  may  have  obscured,  or  interfered  with,  previous  discriminations,  which  were  not  as 
detailed.  On  the  first  pass,  discriminations  on  the  first  letter  are  made.  On  the  second, 
those  are  refined  where  necessary  by  adding  tests  on  a  second  letter,  etc.  Within  a  pass, 
tests  using  the  same  letter  in  the  same  position,  but  in  different  syllables,  may  result  in 
partially  going  beyond  these  bounds,  because  the  discriminations  extended  at  one  point 
may  be  extended  again  on  encountering  similar  ones.  That  is,  discriminations  are  not  made 
on  a  "second  pass,  second  letter"  basis,  but  are  made  flexibly  according  to  specific  task 
demands.  Since  the  domain  here  is  restricted  to  three-letter  syllables,  at  most  three 
passes  are  required.  In  accord  with  the  original  EPAM,  letters  are  processed  in  an  order 
that  is  not  left-to-right,  namely,  the  first  letter,  then  the  third,  then  the  second.  This  1-3- 
2  order  will  be  referred  to  as  the  noticing  order  of  syllable  letters. 

Each  P  in  the  net  consists  of  tests  on  letters  of  the  stimulus  or  cue,  with  a  standard- 
format  RHS  consisting  of  optional  cue,  optional  image,  and  a  "fired"  signal.  A  typical  net  P 
from  the  detailed  example  below  is: 

n-it  ’WET"  ti  lETKvi)  a  r(vd 

»>  EXISTS  (Cl)  a  FIRED  (’PH-1)  (  IMAGE  (’DUNHD)  S  LE  Tl  (Cl)  i  P  (Cl) 

*  CUETRlPlEt’PN-l.Cl.'XX/XXJi 

This  means:  "if  letter- 1  is  R,  then  emit  cue  P  and  image  DUNNO."  Note  that  the  LHS  test  is 
in  two  parts,  testing  the  position  of  a  letter  (IETI)  and  what  it  is  equal  to  (R).  The  RHS 
has  four  things  representing  the  cue:  EXISTS,  which  creates  a  new  Internal  token;  LET1, 
which  is  positional  information  for  the  cue  letter;  P  for  the  letter's  value;  and  CUETRIPLE, 
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holding  information  about  the  cue  that  is  used  in  matching  it,  later  in  the  process.  Details 
on  representation  and  other  aspects  are  in  Section  D. 

The  following  is  an  example  of  how  a  set  of  Ps  representing  a  network  will  be 
displayed  in  this  chapter.  This  net  is  the  result  of  learning  the  three  pairs  FIB/NUK4 
RAM/POR,  and  PEK/NAM: 


(a) 

(b) 

(c) 

<d> 

(•> 

(1) 

(,» 

F 

R 

P 

N 

•i*« 

->NU  H 

->P— 

■  >NRH 

* 

■> — 

1  7 

1  7 

1  POR 

N 

a 

1  NUN 

i  Nan 

3t  as 

■>— -  *>--- 
i  NPn  i  nun 

The  Ps  in  the  net  are  represented  as  columns,  with  rows  representing  LHS  tests  or  RHS 
actions.  The  P  PM-1  above  is  column  (b).  The  meanings  of  the  columns  are  as  follows: 

(a)  letter-1  F,  cue  NUM,  image  DUNNO. 

(b)  letter -1  R,  cue  P,  image  DUNNO. 

(c)  letter- 1  p,  cue  NAM,  image  POR. 

(d)  letter-1  N,  letter-2  M,  letter-3  A,  cue  null,  image  NAM. 

(e)  letter-1  N,  letter-2  M,  letter-3  not  A,  cue  null,  image  NIJM. 

(f)  letter-1  N,  letter-2  not  M,  cue  null,  image  NAM 

(g)  letter -1  not  {F,  R,  P,  N},  cue  null,  image  NUM 

The  net  is  represented  as  a  tree,  with  roots  at  the  top,  and  with  paths  from  root  to  leaf 
representing  Ps.  For  ease  in  mechanical  formatting,  rather  than  having  a  parent  node 
centered  above  and  between  its  descendants,  it  is  directly  above  the  leftmost  one.  One 
should  imagine  that  each  node  is  connected  by  a  line  to  all  nodes  on  the  next  level  below 
it  that  don’t  have  anything  above  them.  A  negative  test  (test  for  absence)  is  represented 
by  "else".  The  "else”  is  meant  to  stand  for  the  negative  of  all  the  tests  that  have 
preceded  it  on  the  same  level,  except  that  its  scope  is  bounded  by  any  other  “else",  if 
such  occurs.  In  the  RHSs,  the  "fired"  signal  is  implicit,  the  cue  is  marked  by  and  the 
image,  by  "!  ".  is  used  in  cues  to  indicate  a  "don’t-know"  position.  indicates  the 
"don’t  know"  (DUNNO)  image.  The  LHS  tests  use  noticing  order,  that  is  1,  2,  and  3  (as 
marked  by  the  tree-level  labels  on  the  extreme  left)  stand  for  tests  on  letters  1,  3,  and  2. 
A  space  in  a  test  implicitly  means  that  the  test  is  the  same  as  the  test  in  the  first  non¬ 
empty  column  to  the  left  of  the  space.  Notice  that  the  order  of  the  first  three  columns 
corresponds  to  the  order  of  the  three  stimulus  syllables. 

To  illustrate  how  a  net  is  built  up,  we  go  through  a  sequence  in  which  the  following 
three  pairs  are  partially  learned:  FIB/NUM,  RAM/POR,  and  PEK/NAM  (the  same  ones  as 
used  in  the  example  net  above).  The  net  diagram  following  a  pair  is  the  state  of  the  net 
after  the  pair  has  been  processed. 

flB/WUfl 

1>  F  ••»• 

»>N —  ■>— 

I  ?  I  NUN 
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The  net  is  initialized  (by  a  special  P  that  recognizes  the  lack  of  net  behavior)  to  minimally 
recognize  the  pair.  Note  that  the  second-column  P  serves  two  functions,  balancing  the  F 
test  <i.e.,  catching  stimuli  that  miss  the  F  test),  and  minimally  recognizing  "N*  and  emitting 
NUM  as  an  image.  All  tests  are  balanced  by  such  "else"  Ps  as  the  net  grows. 

RRH/P0R 

li  f  alt* 

■»N —  »>P-- 

i  7  i  mm 

On  the  first  try  for  this  pair,  the  absence  of  cue  is  noticed  in  response  to  the  R  of  RAk^  so 
that  the  cue  P—  is  added  to  the  second  P  and  the  pair  is  fed  into  the  net  again. 

Internal  RMI/POR 

1»  P  R  P  else 

•>N —  »>P--  ■>— -  ■>-*•- 

!  7  I  7  1  POR  !  NUM 

This  was  actually  accomplished  in  two  steps:  first,  it  was  noticed  that  POR  and  NUM  are 
incompatible  (the  same  incomplete  cue  can't  apply  to  both),  so  that  more  discrimination  of 
the  stimulus  was  necessary,  resulting  in  adding  the  " R "  P;  second,  a  P  was  added  to 
discriminate  the  P--  cue.  The  detection  and  use  of  response-image  (POR  and  NUM) 
incompatibility  differs  from  the  original  EPAM.  The  original  stored  enough  of  the  stimulus 
as  an  "image"  at  a  node  to  detect  immediately,  on  presentation  of  a  new  stimulus,  that 
more  discrimination  on  the  stimulus  was  necessary.  That  is,  it  stored  the  exact  equivalent 
of  the  piece  of  the  correct  stimulus  that  should  have  been  tested  in  reaching  the  node. 
The  present  implementation  has  accomplished  the  s^me  action  without  that  stimulus  image 
storage,  and  assumes  instead  that  the  two  responses  are  available  in  full  for  comparison, 
along  with  the  degree  of  completion  of  the  cue.  It  thus  uses  less  long-term  memory  for 
exact  syllables,  and  uses  instead  the  comparison  of  a  "recently-heard"  syllable  with  a 
"recently-spoken"  one.  This  is  the  major  significant  difference  between  this 
implementation  and  the  original. 

A  second  feature  of  the  action  represented  above  is  somewhat  obscured  by  that 
representation,  namely,  the  retention  of  the  !  NUM  image  in  the  "else"  P.  As  a  P  is  added, 
a  previous  P  is  actually  split,  and  some  information  from  the  old  P  is  retained  in  parts  of 
the  two  new  Ps.  The  old  image  is  always  retained  in  the  "else"  P,  but  the  old  cue 
information  may  go  either  way,  according  to  whether  the  new  test  being  added  (in  the 
present  case,  "P")  is  the  same  as  the  cue  or  not.  (Recall  that  a  single  P  may  store  both 
cue  and  image  image  -  in  the  case  at  hand,  the  cue  is  irrelevant  to  the  pair  being  focussed 
on.)  The  way  the  old  image  goes  during  the  split  may  result  in  errors  later  in  case  the 
newly-added  test  is  still  not  enough  to  distinguish  the  two  responses.  Having  it  go  to  the 
wrong  place  in  a  few  rare  cases  was  judged  better  than  discarding  it  completely,  in  terms 
of  speed  of  learning  (this  may  be  a  difference  between  EPAM  and  the  original  EPAM).  In 
any  case  the  presence  of  the  wrong  reply  will  not  interfere  with  future  learning,  but  will 
just  be  an  extra  copy  of  that  image  in  the  net.  This  will  be  illustrated  in  connection  with 
the  third  pair. 
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PEK/NRH 

It  F  RPR 

■>H—  r>P—  ■>N—  »>---  ■>--- 
I?  I?  IPOH  INWI  INIHI 

Here  again,  two  steps  are  involved  in  the  processing.  First,  the  "P"-test  P  had  no  cue 
previously,  so  the  cue  was  added  to  be  appropriate  to  the  response.  Then  the  stimulus 
was  presented  (internally)  and  the  wrong  reply  (NUM)  led  to  the  splitting  of  the  "else"  P, 
with  the  result  shown.  The  image  on  the  "else"  P  is  now  wrong,  as  anticipated  above,  and 
the  pair  FIB/NUM  has  thus  been  "forgotten".  It  would  not  have  been  forgotten  if  it  had 
been,  say,  F1B/JUM. 

The  end  of  the  list  of  p  nr  s  to  be  learned  has  been  reached,  so  we  start  over  with 


the  first  pair. 

FIB/NUn 

li 

(progrta  gan»r»Ui  r«ply  NRN) 

F  R  P  N 

•  Is# 

2t 

->N-n  »>P— 

17  17 

■»M— 

1  FOR 

n 

■^«**»*» 

i  nuu 

•In 

»> — 

1  NRH 

■> - 

1  NUN 

Note  that  now  the  cue  for  the  F  P  has  been  extended,  and  that  the  tests  for  the  N  Ps 
include  tests  on  the  second  letters.  When  it  was  discovered  that  the  reply  was  wrong,  it 
was  also  noted  that  the  response  and  the  reply  were  compatible  as  far  as  the  cue  could 
distinguish,  so  that  the  only  action  necessary  was  on  the  reply-producing  part  of  the  net 
(as  opposed  to  the  stimulus-recognizing  part),  namely,  on  the  producer  of  the  cue  and  the 
producer  of  the  reply.  The  extension  of  the  cue  forced  the  extension  of  the  tests  to 
include  the  c-  .and  letter,  M,  of  the  response  (recall  that  the  noticing  order  is  1-3-2).  Note 
further  that  we  now  have  two  incorrect  reply  images,  the  original  NUM,  and  the  incorrect 
NAM.  NAM  is  incorrect  only  because  it  has  two  letters  in  common  with  NUM.  Another  pass 
will  be  required  to  extend  the  "P'-test  P  cue  and  make  the  further  discrimination  in  the 
image  producer.  Since  that  is  fairly  straightforward,  we  will  omit  it  here,  but  include  it  in 
the  detailed  trace  in  Appendix  C,  which  the  reader  may  be  able  to  understand  after 
studying  Section  D.  The  end  result  is  the  net  given  at  the  beginning  of  this  section. 
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This  section  gives  details  on  the  operation  of  EPAM.  First  we  present  an  abstract 
version  of  the  PS  and  discuss  some  features  in  more  detail.  Then  we  give  the  meanings  of 
the  predicates  that  constitute  the  Ps.  When  specific  Ps  are  referred  to,  the  reader  may 
find  them  in  Appendix  A,  the  program  listing.  A  cross-reference  of  predicates  is  given  in 
Appendix  B.  The  reader  may  also  study  the  detailed  trace  of  EPAM  on  the  three-pair  test 
(Section  C),  in  Appendix  C.  There  is  a  summary  of  that  trace  showing  the  type  of  P  firing 
(according  to  the  first  letter  of  the  P’s  name),  at  the  end  of  Appendix  C.  After  each  pass 
over  the  three  pairs,  the  net  Ps  are  displayed;  the  final  net  Ps  are  included  in  the  cross- 
reference  in  Appendix  B. 

EPAM  has  been  tried  on  four  different  lists  of  pairs.  Summaries  of  its  behavior 
appear  near  the  end  of  Appendix  C,  for  the  three-pair  test,  and  in  Appendix  D.  The  latter 
appendix  contains  three  tests:  a  seven-pair  list  to  be  discussed  in  Section  F,  a  nine-pair 
list,  and  a  six-pair  list  that  actually  represents  a  list  of  six  syllables  -  each  one  appears  as 
both  a  stimulus  and  a  response. 


D.l.  How  the  program  works 

An  abstract  representation  of  the  EPAM  PS  is  given  in  the  form  of  abstract  Ps  (APs) 
in  Figure  D.l.  The  following  paragraphs  describe  EPAM  in  a  general  way,  referring  to 
specific  APs  in  that  figure.  Syntax  conventions  for  APs  are  given  in  Chapter  IV,  where  the 
syntax  is  somewhat  more  elaborate  than  the  simple  APs  here.  For  the  present,  the 
following  description  of  APs  should  suffice.  An  AP  is  abstract  in  the  sense  that  it 
represents  several  actual  Ps  and  uses  descriptive  elements  rather  than  exact  predicates 
and  variables.  Underlining  is  used  where  there  is  a  particularly  large  step  in  terms  of 
actual  Ps.  Non-underlined  elements  correspond  almost  exactly  to  actual  conjuncts  in  the 
actual  Ps.  There  are  about  half  as  many  APs  in  the  figure  as  there  are  Ps  in  EPAM  (16  as 
opposed  to  41). 

The  normal  operation  of  EPAM  is  a  simple  cycle  that  processes  a  stimulus-response 
pair.  It  starts  by  taking  in  a  stimulus,  allows  the  net  to  recognize  that  stimulus  (which 
always  occurs  except  when  there  is  no  net,  at  the  very  beginning),  erases  superfluous 
items  from  that  net  firing,  and  allows  the  net  to  fire  on  any  cue  information  that  the 
previous  net  P  has  asserted.  If  anything  fires  using  the  cue,  an  image  is  produced,  which 
becomes  the  program's  reply.  The  reply  is  matched  to  the  response  typed  by  the  user, 
and  if  it  is  correct,  EPAM  is  ready  for  the  next  cycle. 

The  basic  part  of  that  stimulus-response  cycle  is  represented  by  APs  Fb-Fc.  AP  Fa 
is  the  initialization  done  when  there  is  no  net.  The  matching  of  response  to  reply  (APs  Ra- 
Rd)  can  have  four  results,  of  which  three  are  errors  (Rb-Rd)  requiring  further  action.  The 
action  is  in  three  conceptual  pieces:  diagnosis,  patching,  and  sometimes  repeating  the 
stimulus-response  pair  internally  to  ensure  that  everything  is  now  all  right. 

Diagnosing  an  error  can  have  three  outcomes.  If  SRAM’s  reply  was  DUNNO  ("don’t- 
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1  Executive?  3  Ps,  FI -F3j  erasure*  mentioned  are  5  Ps,  El -E5  t 
Fa:  rjo-net  ->  reoeat-stim-input  &  add-prod(type  Pa)  &  add-prod{type  Pb)j 

Pa:  specific -letter-1 -of -stim  ->  cue(letter-l-of-resp)  A  null-image: 

Pb:  not  specific-letter-l-of-stim  ->  null-cue  A  null-image: 

Fb:  cue-prod-fired  ->  erase-stimi 

Fc:  image-prod-fired  ->  erase-cue  &  cue-from-image-prod  A  reply: 

t  Test  reply:  A  Ps,  R1-R4  7 
Ra:  response  A  reply-match  ->  reply(pk); 

Rb:  response  &  reply-dunno  ->  simple-patch-of-image-of-reely-prod» 

Rc:  response  &  reply-wrong  ->  test-compat-of-replv-and-response-relative-to-cue: 

Rd:  response  A  not  reply  ->  add-to-cue  &  re -stim; 

7.  Diagnose  difficulties;  11  Ps,  RS-R10A  7. 

Re:  response-and-reply-and-cue-compatible 

->  extend(reply  prod)  A  possibly-add-to-cue(cue  prod): 

Rf:  not  response-and-reply-and-eue-compatible 

->  extendfcue  prod)  &  extend-stim  &  re-stim; 

Rg:  re-stim  ->  repeat-stim  A  reoeat-resp; 

7.  Change  cue;  3  Ps,  C1-C3  7 
Ca:  add-to-cue  ->  patch-up-cue-in-rhs: 

7.  Examine  LHS  to  prepare  for  split;  5  Ps,  C4-C8  1 
Cb:  extend  &  lhs-term(neg  or  pos)  A  number-of-letters-tested-in-lhs  ->  split-prep: 

7.  Preparation  for  split;  8  Ps,  S3-S7  7. 

Sa:  split-prep  A  not  extend-stim  A  match-corrcsDOnding-letters(stim.resp) 

->  split-prod(two  ways  of  ordering  pos  and  neg  cues); 

Sb:  split-prep  A  extend-stim  A  match(re$ponse-letter,beginning-of-cue) 

->  split-prod(two  ways,  may  use  old  cue  or  not  for  neg  part): 

7.  Split;  2  Ps,  S1-S2  7 
Sc:  split-prod(neg) 

->  split-with-pos-oart-getting-new-image-and-nce-part-getting-old; 

Sd:  split-prod(pos) 

->  add-to-cue  &  solit-with-different-lhss-but-otherwise-like-preceding-P: 

Figure  D.l  Abstract  productions  for  EPAM 


know"),  there  is  simply  a  modification  to  the  faulty  RHS  of  the  image-producing  P  (AP  Rb). 
If  there  was  no  reply  at  all,  only  one  thing  can  be  immediately  at  fault:  the  cue  produced 
on  recognizing  the  stimulus  was  inadequate,  not  long  enough  (AP  Rd).  This  is  fixed  by 
making  the  cue  longer,  as  described  below.  An  example  of  how  this  happens  is  after  the 
second  presentation  of  F1B/NUM  in  the  three-pair  test  discussed  in  Section  C  (see  the  last 
net  displayed  in  that  section).  The  P  that  recognizes  FIB  has  an  adequate  cue,  N-M,  but 
the  other  P  that  aims  at  a  response  syllable  starting  with  N  (the  POR-test  P)  has  cue  N— , 
which  is  not  long  enough  to  fire  any  P  in  the  net. 
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The  third  outcome  of  an  error  diagnosis  (AP  Rc)  is  to  initiate  a  match  of  the  cue,  the 
reply  (image),  and  the  correct  response,  to  see  if  the  cue  is  at  fault  or  whether  more 
discrimination  has  to  be  made  on  the  cue  by  the  image  producer.  Two  results  of  this 
match  indicate  two  conditions:  stimulus  generalization  and  response  generalization. 
Stimulus  generalization  is  detected  by  incompatibility  of  the  cue,  reply,  and  response  (AP 
Rf).  Two  stimuli  have  been  "generalized",  seen  by  the  net  as  the  same.  For  instance,  if 
NUM  were  the  reply  and  POR  the  response,  no  cue  could  be  right  for  both,  indicating  that 
there  was  not  enough  discrimination  of  the  stimulus.  The  length  of  the  cue  is  taken  into 
account,  for  instance,  to  determine  that  N-M  is  compatible  with  both  NAM  and  NUML 
Response  generalization  means  that  a  cue  is  no  longer  sufficiently  detailed  to  distinguish 
two  similar  responses,  which  are  now  seen  as  one  (AP  Re).  For  instance,  in  the  three-pair 
test  in  Section  C,  after  the  first  pass  over  the  pairs,  there  are  two  N—  cues,  both 
"pointing"  at  a  P  whose  image  is  NAM;  one  wants  to  result  in  NUM*  though.  The  patch  is  to 
lengthen  the  cue  and  eventually  force  lengthening  of  the  LHSs  of  the  image-producing  Ps. 
In  the  case  of  NAM  and  NUM,  lengthening  of  the  cue  N—  has  to  be  done  twice,  which 
requires  another  pass  over  the  set  of  pairs,  to  be  realized. 

There  are  two  major  kinds  of  patching  that  can  be  done,  as  sketched  in  the 
preceding  description  of  error  diagnosis.  First,  a  cue  may  be  extended.  This  is  done  (AP 
Ca)  by  simply  making  the  appropriate  RHS  emit  a  cue  that  is  longer  by  one  letter  than  the 
previous  one.  This  lengthening  uses  letters  from  the  correct  response.  Second,  a  cue  P 
or  an  image  P  is  split  by  lengthening  its  LHS  in  two  different  ways.  One  half  of  the  split 
has  a  positive  test  on  a  letter,  and  the  other  is  the  balancing,  "else"  type  of  test  (APs  Cb, 
Sa-Sd).  This  splitting  will  be  described  in  more  detail  below. 

After  the  diagnosis  and  patching  have  been  completed,  in  cases  where  a  cue  is 
extended  or  an  LHS  is  changed,  the  stimulus  and  response  are  repeated  internally.  The 
patches  are  really  intended  only  to  partially  fix  up  any  problem,  and  the  best  way  to 
complete  the  job  is  to  retry  the  pair,  as  opposed  to  examining  the  net  Ps  more  closely  to 
statically  determine  if  everything  is  all  right.  The  patches  first  remedy  things  having  to  do 
with  the  stimulus  half  of  the  pair,  then  treat  the  image-producing  half  through  the 
repetition  of  the  pair.  The  repetition  (re-stimulation)  is  achieved  in  a  way  corresponding 
to  AP  Rg,  but  several  Ps  are  used,  to  keep  the  sequencing  under  control.  One  P  fires  to 
reproduce  the  original  stimulus,  and  another  fires  later  to  reproduce  the  response.  Signals 
for  each  are  represented  in  the  interim  by  predicates  whose  names  start  with  “OLD",  by 
convention.  This  internal  re-stimulation  was  not  used  in  the  original  EPAM  as  far  as  I  can 
tell. 


We  now  d  r. cuss  in  detail  the  information  that  is  kept  in  Working  Memory  on  each  net 
P,  and  how  it  is  used.  All  information  is  in  four  predicates:  LHSPREL,  LHSTERM,  RHS1MAGE, 
and  RHSCUE.  These  split  the  LHS  and  RHS  each  into  two  segments.  The  two  for  LHSs 
divide  them  in  such  a  way  that  all  real  changes  are  made  to  LHSTERM,  while  LHSPREL  is 
just  the  accumulation  of  tests  from  LHSTERM  that  are  known  not  to  require  further 
changes.  RHSIMAGE  keeps  the  image  part  of  the  RHS,  while  RHSCUE  keeps  the  cue. 

The  following  examples  clarify  the  mechanics  of  splitting  LHSs.  First,  consider 
splitting 

Pit  ICTKVI)  *  NOT  F(V  1)  »  fIREOOPI)  *  . . .  i 
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Suppose  we  wenf  to  make  e  further  test  on  the  first  letter,  to  see  If  It  is  en  Ml  Then  the 
result  would  be: 

Pli  LETKVl)  *  M(V1)  •>  FIREOOP1)  ft . . . . 

P2:  LETKVl)  ft  NOT  F(V1)  ft  NOT  M(V!)  »  FIRED0P2)  ft ... . 

PI  is  referred  to  as  the  positive  half  of  the  split,  P2,  as  the  negative  half.  For  the  original 
PI.  LHSPREL  is  [(LET1  VI)],  LHSTERM  is  [{(NOT  (F  VI)))  NEG  1J.  After  the  split,  we  have 
for  PI  that  LHSPREL  is  the  same,  while  LHSTERM  has  become  [<M  VI)  POS  1}  at  the  same 
time,  P2  also  has  the  old  LHSPREL,  but  LHSTERM  is  [((NOT  <F  VI))  (NOT  (M  VI)))  NEG  1J. 

If  we  were  to  further  split  PI,  adding  a  test  for  T  in  the  third  position,  we  would 

have: 

PI.  LETKVl)  ft  M(V!)  ft  IET3(V3)  ft  T(V3>  •>  FtREO(Pl)  ft  ... . 

P3;  LETKVl)  ft  M<V1)  ft  LET3CV3)  a  NOT  T(V3)  •>  FIRE0CP3)  ft  ... . 

At  this  r*oint,  LHSPREL  for  PI  and  P3  is  [((LET  1  VI)  (M  VI)  (LET3  V3»l  and  LHSTERM  is 
[«T  V3»  POS  2]  and  [((NOT  (T  V3)))  NEG  respectively. 

This  example  doesn’t  touch  on  the  details  of  how  RHS  information  migrates  during 
such  splits,  so  we  briefly  discuss  that  now.  Recall  that  some  care  has  been,  taken  to 
correctly  place  old  information  rather  than  simply  discarding  it.  The  old  information  has 
little  to  do  with  the  immediate  error  situation,  but  tests  are  necessary  to  determine  how  It 
might  interact  with  new  discriminations. 

In  all  splits,  the  image  from  the  old  P  always  goes  to  the  negative  half  of  the  split, 
and  the  current  reply  is  the  image  for  the  positive  half. 

In  splitting  a  P  that  recognizes  a  stimulus  (AP  Sb,  Ps  S6-S7),  the  cue  is  always  a 
minimal  cue  for  the  known  response,  and  the  only  question  is  whether  to  put  the  old  cue 
from  the  P’s  RHS  on  the  other  half  of  the  split,  or  to  leave  that  cue  empty.  If  the  old  cue 
is  similar  (same  first  letter)  to  the  new  cue  then  it  is  discarded  and  an  empty  cue  is  placed. 
On  the  other  hand,  if  the  old  cue  is  different,  then  it  is  likely  to  be  correct  to  put  it  on  the 
negative  half  of  the  split  -  that  P  will  perhaps  respond  to  the  old  stimulus  (betause  the 
LHS  has  been  extended)  and  will  then  emit  a  cue  to  the  matching  reply. 

In  splitting  a  P  that  discriminates  a  cue  to  produce  an  image  for  a  reply  (AP  Sa,  Ps 
S3-S5A),  it  is  necessary  to  compare  the  stimulus  and  response,  to  determine  whether  the 
same  P  (the  positive  half  of  the  split)  will  serve  for  producing  both  cue  and  reply.  For 
this,  it  is  only  necessary  to  test  the  letter  of  the  two  that  corresponds  to  the  letter 
position  at  which  the  LHS  is  being  split.  If  the  letters  match,  the  old  cue  goes  to  the 
positive  half  of  the  split,  but  if  not  (as  is  usually  the  case),  the  old  cue  goes  to  the 
negative  half.  The  other  half  of  the  split  (negative  or  positive,  respectively)  always  gets 
an  empty  cue. 
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D.2.  Meanings  of  EPAM  predicates 

Before  presenting  the  full  details  of  the  predicates,  we  summarize  the  important 
representational  conventions.  The  predicates  LHSPREL,  IHSTERM  RHSCUE,  and  RHSIMAGE 
are  used  to  store  information  about  net  Ps.  ADDPROD,  REPPROD,  and  REPRHS  are  uaed  to 
modify  the  Pa. 

Stimuli  and  responses  are  typed  in  by  the  user  in  the  form  (STIM  xxx)  and  (RESP 
yyy).  These  are  converted  into  suitable  Working  Memory  instances  by  PSMacros,  Lisp 
functions  that  are  used  to  expedite  operations  that  would  be  very  awkward  otherwise 
(there  is  further  discussion  in  Section  E.1).  STIM  is  converted  into  LETn’s  (n  -  1,2,3)  and 
specific  letters,  plus  ST1MCHK  and  STIMWORD  instances.  For  instance,  the  list  of  instances 
for  a  syllable  with  third  letter  J  might  include  (LET3  L3-1)  and  (J  13-1).  Here  "J"  has 
become  a  predicate  meaning  "equal  to  J",  and  "L3-1"  is  some  arbitrary  token  that  stands 
for  an  object  with  predicates  LET3  and  J  true  of  it.  The  representation  splits  apart  the 
position  and  letter  values  of  a  token  because  they  are  sometimes  not  both  present  in 
Working  Memory  and  sometimes  tested  separately.  If  Psnlst  had  somewhat  more 
expressive  power  in  its  match  (using  constants  is  somewhat  awkward),  a  more  concise 
representation  would  be  used.  RESP  is  converted  more  simply,  to  an  instance  of 
RESPONSE,  described  below.  A  third  PSMacro,  CUE,  expands  a  cue  into  letter 
representations  like  those  of  STIM,  plus  an  instance  of  CUETRJPLE,  described  below.  More 
complete  examples  of  PSMacro  expansions  are  given  at  the  beginning  of  the  program 
listing  in  Appendix  A. 

ADOPROO(prod,prec,comnt,lha,rhe)  add  •  P  (prod)  with  common!  comnl,  LHS  Hip,  RHS  rha,  and  preceding  P  prac  (If 

prac  ia  not  a  P,  aa  ia  (ha  caao  in  FI,  prod  ia  taken  !o  bo  (ho  firal  P  of  modulo 
proek  a  Panlal  primitive  (hat  asserts  predicate  ADDPRODP(prod). 

ADOTOCUEtp, II, 12,13)  add  (o  (ho  cut  of  P  p,  accordint  to  (ho  le((ara  11,12,  and  I3.e 

COMPATNEG(x)  raault  of  compatibility  (aat  waa  negative. 

COMPATPOS(x)  roaull  of  compatibility  taat  waa  poaitiva. 

COMPATPOSA(p  1 , w  1 ,1 1  ,l2,l3,p2)  data  to  bo  uaed  after  the  COMPATTEST  ia  enewered  poaitivaly  (part  of  thio 

information  ia  uaed  for  negative  ana  wars  also);  pi  ia  the  reply  P,  p2  ia  the  cue 
P,  wl  ia  the  image  that  might  bo  weed  (from  the  response),  and  II,  12,  and  13  are 
the  tetters  of  the  reaponae. 

CX'MP  ATTEST  (I  l,l2,e  1 )  taat  a  letter  of  the  reaponae,  II,  against  a  latter  of  the  reply,  12,  except  compare 
doesn't  matter  if  cl  ia  'XX. 

CUEPROO(p)  p  ia  (he  P  that  fired  giving  the  cue. 

CUETRIPLE(p,ll,l2,l3)  P  p  has  cue  triple  II,  12,  and  13;  the  Pa  are  'XX  if  the  cue  ia  incomplete  In  that 
position. 

EXTENDlSRS(p,imj,l  1,12,13)  extend  the  LHS  and  RHS  of  P  p,  according  to  known  properties  ef  the  P,  uelng 
letters  II,  12,  and  13. 

IKTENDSTIM(p)  signal  that  P  p  ia  being  extended  as  a  stimulus  P,  requiring  slightly  different 
treatment  from  extension  otherwise. 

FIREO(p)  P  p  has  fired. 

IMAGE(i)  i  is  the  reply  image  stored  with  a  P  that  fired. 
lASTNEW(p)  p  ia  the  last  new  P  added. 

LCTn(x)  n  is  1,  2,  or  3;  the  1st,  2rxL  or  3rd  letter  of  a  stimulus  or  cue  ia  rep  re  eon  tad  by 
the  token  x. 

IHSPREKp.prel)  P  p  has  "prelude*  prel;  for  network  Pa,  the  prelude  is  the  part  ef  the  LHS  that  ie 
presently  not  subject  to  change. 

LHSTCRM(p,teraseign,len)  P  p  has  "tsrminel"  term;  for  network  Pa,  the  terminal  is  the  final  teat  ef  the  LHSi 
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•ifft  indicates  whether  it  ie  positive(POS)  er  nofsHvetNEO);  leu  Mice  tee  the 
lentth  of  the  IMS  (1,  2.  or  3) 

OLDCUETRIPLEd  1,12,13)  It,  12,  end  13  ere  ports  of  on  old  CUETRIPLE;  this  is  done  te  eveid  confusion 
between  two  cuetriptee  ssserted  by  two  net-P  firmfs 
OLDEXSTIM(x)  indies  too  the!  the  stimulus  P  hes  elreedy  been  extended  ter  this  stheuiue- 
responee  psir. 

OLDRESP(r,ll,l2,l3)  this  is  used  to  cove  RESPONSE  white  re-cycknf  throufh  the  nets  H  weirdy 
prevents  spurious  firints  of  R4. 

POSSAOOTOCUEtp.t  1,12,13)  fives  informstion  which  msy  be  ueed  to  odd  to  e  cue,  In  the  ceee  of  eatendinf  e 
IMS  with  s  positive  torminel  tests  is.  thst  SKtension  requires  extendinf  the  cue 
so  the  extension  will  be  used:  it  is  not  neceotery  for  nefstive  term  ins  to  of  LHSs. 

REPLV(x)  fives  the  reply  of  the  system  (displayed  externelty). 

REPLVPROD(p)  P  p  produced  the  iwsfe  thst  beeswe  the  reply. 

REPPROD(p,com,lhe,rhs)  replsce  s  Ps  siwilsr  to  ADOPROOs  ssserts  REPPROOP(p). 

REPRHS(prod.rhs)  replsce  the  RHS  of  P  prod  by  rhs;  ssserts  REPRHSP(prod). 

RESPONSES, II, 12, 13)  the  response  word,  r,  plus  the  three  letters  in  it  (comes  in  from  extomel 
intsrsetion). 

RESTIM(x)  s  if  net  thst  stimulus-response  psir  ie  to  be  fed  throufh  the  net  ofein,  for  further 
disfnosis 

RESTIMHOLD(x)  holds  the  RESTIM  sifnsl  until  sppropriots,  msinly  to  prevent  R5  from  firinf 
prsmstursly  ss  e  result  of  the  STIMREM  inserted  in  RHS  of  R4  (Le.,  there  ie  e 
conflict  between  R5  end  El,  E2,  etc.  which  ie  is  here  resolved  by  ueeif  the  RHS 
order  sssumption). 

RHSCUE(p,c)  c  is  the  cue  of  the  RHS  of  P  p. 

RHSIMAGEtp.i)  i  is  the  reply  imofe  for  P  p. 

SPLITPREP(prod,teotpre,lsottorm,imj,tire)  perform  tests  in  prspsrstion  to  split  P  prod;  the  three  middle  erfumento 

ere  expUmed  st  SPLITPROD,  the  sics  fives  the  number  of  letters  bemf  tested  In 
P  prod's  LHS. 

SPLrTPROO(prod,testprel,tsstterm,imi,cuepos,cusnef)  P  prod  is  to  be  split,  if  tsstterm  is  NEC,  it  is  to  be  split 

nofstivsly,  which  mrsno,  the  lest  of  e  letter  fiven  in  teotprel  ie  to  be  eddod  to  0 
nefstive  tost  for  one  pert  of  the  split,  end  ss  e  positive  test  in  the  other;  in 
either  csss,  no  chsnfe  is  mede  to  the  LHSPREl  of  the  P,  if  teottorm  ie  not  NEC, 
it  is  to  modify  IHSTERM,  whits  tsstprel  modifies  LHSPREL;  imj  ie  the  imefe  to  be 
put  in  the  positive  pert  of  the  split;  the  lest  two  erfumento  five  pieces  of  cuee 
to  be  ottoched  to  the  respective  peris  of  the  split. 

ST1MCHK(I1,I2,I3>  fives  the  tokens  for  the  letters  of  the  stimulus,  for  use  in  ereeinf  them  properly 
eflsr  thoir  use  in  the  net. 

STIMREM(ll,l2,l3,type)  stimulus  tokens  era  to  be  srssed;  type  fives  sn  indication  of  whore  the  request 
orifineted,  since  stimulus  tokens  srs  re-inserted  fer  RESTIM. 

STIMREMREM(x)  esusss  stl  old  STIMREM's  to  be  cleened  up,  beceuoe  in  esse  of  RESTIM,  don’t 
went  thinfs  nulldied  so  seen  ss  they’re  inserted  from  net  Pe  firinf  for  their 
second  time. 

STIMW0R0<I1,(2,<3)  fives  the  three  tetters  ef  the  stimulus  word. 
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E.  Some  Issues  Raised  by  EPAM 


E.l.  Production  systems  issues 
PS  control: 

For  the  most  part,  control  in  EPAM  is  simply  by  evocation  according  to  Psnlst’s 
event  order.  Several  of  the  P  groups  (especially  those  represented  by  a  single  AP,  Figure 
D.l)  represent  a  selection,  where  a  single  P  from  the  group  fires  to  perform  the  selection 
appropriate  to  the  case  at  hand.  The  compatibility-test  Ps  (R6-R9E,  the  RHS  of  AP  Rc)  are 
a  set  from  which  several  may  fire  in  a  situation,  with  results  independent  of  firing  order, 
to  perform  a  test  on  all  three  letter  positions  of  several  syllables.  The  results  of  the 
arbitrarily-ordered  firings  are  polled  by  R6  and  R9,  amounting  to  answers  "all  tests 
positive"  or  "at  least  one  test  negative".  The  erasure  Ps  (E1-E5)  similarly  perform  in 
scattered  order.  In  a  couple  of  places,  dafa  is  renamed  by  storing  it  under  a  different 
predicate  (i.e.,  the  “OLD"  predicates  and  RESTIMHOLO),  so  that  it  doesn’t  interfere,  but  can 
be  re-asserted  at  some  later  appropriate  point  (i.e.,  by  Ps  F3,  R4,  RIO,  RlOA,  or  R5A). 

Use  of  PSMacros: 

STIM  and  RESP  are  PSMacros,  that  is,  they  are  expanded  to  a  list  of  predicates  to 
be  used  by  Psnlst  (see  the  beginning  of  Section  D2).  This  procedure  is  justified  by 
thinking  of  them  as  perceptual  processes,  dealing  with  input  on  the  character  level,  and 
thus  more  easily  handled  and  more  appropriately  modelled  in  Lisp  than  in  Psnlst.  In  any 
case  they  could  be  done  away  with  at  the  cost  of  requiring  either  more  Ps  (which  would 
still  have  to  invoke  primitive  Lisp  functions)  or  more  typing  for  the  user.  The  use  of  a 
macro  (CUE)  for  constructing  parts  of  RHSs  of  net  Ps  is  not  so  easily  justified,  but  this 
started  out  as  a  programming  convenience,  and  remains  as  such,  even  though  it  could  be 
coded  as  Ps  without  the  use  of  primitive  Lisp  functions.  This  extra  requirement  on  the  PS 
would  add  more  complexity  to  FI,  Si,  and  SZ,  for  instance  necessitating  adding  several 
new  predicates  for  the  bookkeeping  aspects.  It  has  seemed  reasonable  to  suppress  that 
level  of  detail,  retaining  more  emphasis  on  the  central  issues. 

The  operators  used  in  building  Ps: 

There  are  several  operators  that  Psnlst  doesn’t  have,  that  would  be  useful  for  the 
kind  of  building  of  Ps  that  EPAM  does: 

a.  update  an  RHS  conjunct; 

b.  extend  an  RHS  with  more  conjuncts; 

c.  extend  an  LHS  with  more  conjuncts; 

d.  split  an  LHS,  extending  it  in  two  different  ways  to  become  two 
different  Ps. 

The  information  that  is  kept  on  Ps  to  allow  them  to  be  updated  is:  information  on 
specific  conjuncts  of  the  RHS;  information  on  a  subset  of  conjuncts  of  the  RHS;  and  "head" 
versus  "tail"  in  the  LHS,  where  the  "tail”  may  be  replaced  in  a  splitting  operation.  EPAM 


HI- 15 


E.1 


LI 


Some  Issues  Raised  by  EPAM 


EPAM 


also  Keeps  information  on  the  names  of  variables  in  the  LHS,  but  this  could  be  dispensed 
with  by  naming  variables  according  to  positions  in  stimulus  or  response  words,  which 
would  ensure  uniqueness. 

Using  the  above  new  operators  on  RH$  conjuncts,  C1-C3,  R2,  SI,  and  S2  would 
become  simpler.  Using  the  LHS-splitting  and  LHS-extending  operators,  SI  and  S2  would 
become  somewhat  simpler  but  the  processing  done  by  them  would  have  to  be  rearranged 
so  that  the  split  is  done  at  the  start  of  the  process,  with  succeeding  steps  simply 
extending  the  LHSs  of  the  results  of  the  split;  this  is  in  place  of  the  current  process  which 
collects  the  contents  of  the  split  and  then  does  it.  Note  that  P  FI  still  requires  the  adding 
of  full  Ps  as  done  with  current  Psnlsl  operators. 

Working  Memory  information  on  net  Ps: 

As  we  have  discussed  above  (Section  B  and  at  the  end  of  Section  D.1),  EPAM  Keeps 
and  uses  a  variety  of  Working  Memory  information  on  Ps.  One  issue  with  respect  to  this  is 
that,  following  human  PS  models,  we  would  want  to  store  all  such  longer-term  information 
as  Ps  rather  than  in  the  Working  Memory.  Given  the  simple  nature  of  the  information  used 
(at  no  time  is  a  P  broken  down  and  examined  in  an  arbitrary  way),  and  given  that  it  is  used 
only  as  transient  information  (only  when  the  relevant  P  has  recently  fired,  where  "recent" 
is  within  two  cycles  of  the  net  Ps),  objections  to  EPAM  on  these  grounds  can  be  easily 
corrected  by  storing  with  each  P,  in  its  RHS,  the  information  on  it.  (There  might  also  be 
defined  a  set  of  primitives  that  allow  a  program  to  fetch  parts  of  Ps  on  demand,  rather 
than  having  to  use  special  storage.) 

A  second  issue  is  that  no  matter  where  the  information  is  stored  and  when  it  is 
used,  it  might  be  inappropriate  to  have  such  information,  and  furthermore  it  might  be 
wrong  to  hold  that  existing  Ps  can  be  modified  at  all.  The  psychological  basis  for  this  is 
the  assertion  that  Ps  are  never  deleted  from  human  long-term  memory  (we  lose  access 
because  of  ill-formed  or  too-spccific  LHSs)  and  thus  are  difficult  to  modify  as  in  our  EPAM 
model.  Further,  since  we  have  no  idea  how  Ps  are  represented  internally  in  humans, 
perhaps  information  about  what  is  encoded  could  not  be  available  in  as  usable  a  form  as  in 
our  model.  A  compromise  might  be  that  existing  Ps  could  be  modified  by  extending  LHSs 
and  RHSs  but  not  by  such  drastic  actions  as  replacing  existing  condition  or  action  elements. 
At  the  moment,  it  seems  that  operating  under  these  constraints  makes  EPAM  much  more 
difficult  to  model,  but  it  remains  a  question  for  further  research. 


L2.  EPAM  issues 

This  implementation  aims  at  minimizing  the  number  of  Ps  and  the  number  of  tests 
made  on  a  letter  position.  This  results  in  using  the  "else"  Ps  instead  of  having  every  test 
made  as  a  comparison  to  a  definite  letter.  Changing  this  convention  might  remove  some  of 
the  stimulus  and  response  generalization  behavior,  and  interacts  with  the  following. 

A  lack  of  a  reply  to  a  stimulus  indicates  that  a  cue  needs  to  be  extended.  This 
results  from  the  way  a  partial  cue  is  represented.  Only  as  many  "LET"  predicates  are 
included  as  there  are  definite  letters  emitted.  If  this  were  changed,  i.e.,  emitting  LET 
without  a  definite  corresponding  letter  predicate,  some  other  means  would  have  to  be 
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developed  to  test  for  the  need  for  an  extension  of  a  cue,  because  "else"  Ps  would  always 
catch  them.  That  would  include  some  comparison  between  the  cue  triple  and  the  contents 
of  the  LHS  of  the  P  that  fired  (as  it  is,  no  such  test  is  ever  done;  only  tails  of  LHSs  are 
examined  in  detail,  and  only  when  being  extended).  Also,  the  change  would  introduce  the 
possibility  of  conflicts  between  the  net  Ps,  making  more  than  one  true  at  one  time.  Note 
that  this  alternative  suggestion  involves  using  specific  knowledge  of  the  length  of  a 
syllable,  to  allow  dummy  tests  to  be  included.  This  may  or  may  not  be  justified,  especially 
given  that  a  more  general  task  involves  syllables  of  varying  lengths.  The  most  important 
point  here  is  the  trade-off  between  storing  partial  cues  and  examining  LHSs  in  more  detail. 
Storing  partial  cues  results  in  behavioral  cues  that  circumvent  the  need  to  do  more 
complex  tests. 

When  Ps  are  being  split,  some  degree  of  guessing  goes  on,  in  that  information  from 
the  P  being  split  is  carried  over  to  one  or  the  other  of  the  new  ones,  with  no  guarantee 
that  the  result  is  correct.  The  result  is  wrong  only  in  the  case  that  further  discrimination 
is  needed  anyway,  a  fairly  rare  case,  and  a  wrong  guess  does  not  have  serious 
consequences  for  the  net  at  some  later  time.  Not  retaining  as  much  as  possible  in  this 
situation  gives  the  appearance  of  stupidity  to  the  program’s  responses,  more  so  than 
seems  reasonable.  But  as  discussed  at  the  end  of  Section  D.l,  carrying  over  these 
guesses  involves  specific  testing  that  may  appear  implausible,  or  at  least  not  plausibly 
learned  under  ordinary  conditions. 
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F.  A  Comparison  to  Waterman’s  EPAM2 


This  section  compares  EPAM  to  another  PS  implementation  of  EPAM,  the  EPAM2  PS 
of  Waterman  (1974).  This  provides  an  excellent  opportunity  to  contrast  the  different 
programs  that  result  when  somewhat  different  architectural  assumptions  are  followed  in  a 
PS  design.  EPAM2  is  written  in  the  PAS-11  PS,  which  uses  a  linearly-ordered  PS  and  a 
Working  Memory  also  linearly  ordered,  a  sharp  contrast  to  Psnlst’s  exclusive  use  Of  event 
(memory  recency)  order  for  Working  Memory  and  unordered  PS.  These  assumptions  have 
an  affect  on  complexity  of  LHSs,  on  complexity  of  added  Ps,  and  on  the  number  of  Ps  in 
the  entire  system.  But  as  we  shall  see  in  the  following,  major  differences  are  due  to 
specific  EPAM  design  considerations  that  are  only  indirectly  related  to  PS  architectural 
features. 

EPAM2  represents  learned  associations  in  a  way  similar  to  EPAM,  namely  as  a  list  of 
Ps  containing  primarily  tests  on  letters  and  actions  such  as  emitting  memory  cues  and 
reply  images.  The  order  of  the  list  of  Ps  is  significant,  however,  in  determining  that  some 
Ps  are  tested  before  others,  and  thereby  can  prevent  the  others’  firing.  More  recently 
added  Ps  are  placed  above  older  ones,  enabling  a  new  P  to  correct  errors  made  by  older 
ones  find  to  make  necessary  additional  discriminations  by  having  more  specific  tests  (but 
not  necessarily  logically  exclusive  tests)  than  the  older  ones.  The  net  has  Ps  of  two 
distinct  types,  one  for  discriminating  stimuli  to  produce  cues  and  the  other  for 
discriminating  cues  to  produce  replies.  The  two  nets  are  not  kept  distinct  either  by  RHS 
form  or  by  location  within  the  list  of  net  Ps,  so  that  a  confusion  phenomenon  can  result 
where  a  cue  is  taken  as  a  stimulus,  and  vice  versa. 

Ps  are  extended  in  a  way  very  dependent  on  the  order  of  elements  within  Working 
Memory.  There  is  a  special  P  action  that  marks  which  elements  were  used  to  match  the 
LHS  of  the  P  when  it  fires  (called  variously  MARK,  USED,  and  OLD).  This  allows  a  P  to  be 
constructed  as  an  extension  of  a  P  that  just  fired  by  using  the  same  elements  as  it  did, 
plus  a  new  element  picked  from  things  in  Working  Memory  that  were  not  used.  These 
unused  elements  (in  particular,  letters  of  syllables)  are  in  a  particular  order  (the  EPAM 
noticing  order)  so  that  the  one  at  the  front  of  the  Working  Memory  list  Is  quite 
appropriately  selected  and  used. 

The  action  that  adds  a  P  to  the  list  of  Ps,  PROD,  has  a  couple  of  distinctive  traits.  It 
works  by  picking  up  from  Working  Memory  all  elements  with  the  tags  COND  and  ACTION, 
forming  them  into  a  P,  and  placing  it  in  the  P  list.  The  placement  is  according  to  a  pattern 
argument  to  PROD,  such  that  a  new  P  can  be  placed  just  before  another  P  having  that 
pattern.  For  instance,  if  a  new  P  is  intended  to  mask  out  (take  precedence  over)  a  P  that 
performed  a  particular  undesired  action  (a  wrong  reply),  it  can  be  done  by  using  that 
wrong  reply  as  the  PROD  pattern. 

EPAM2  builds  a  net  in  which  all  tests  are  specific  and  positive,  contrasting  with 
EPAM*s  use  of  negative  tests,  which  can  turn  out  to  match  a  set  of  letters.  Rather  than 
adding,  in  advance,  extra  Ps  to  balance  newly-added  ones,  as  EPAM  does  with  Its  P- 
splitting  operation,  EPAM2  has  a  default  P  that  sits  at  the  end  of  the  list  of  net  Ps,  with  a 
condition  general  enough  to  match  all  cases  where  none  of  the  net  Ps  succeeds.  Also, 
EPAM2  stores  a  complete  copy  of  a  stimulus  in  the  RHS  of  a  stimulus-testing  P,  which  can 
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bo  ueod  to  determine  it  the  P  has  actually  matched  the  stimulus  that  it  was  intended  to. 
This  is  somewhat  more  than  the  original  EPAM  stored,  violating  the  EPAM  principle  of 
storage  of  minimal  and  partial  information,  and  it  avoids  the  compatibility-testing  approach 
necessary  in  the  present  EPAM  to  determine  whether  to  modify  the  stimulus  P  or  the  cue 
P  in  case  of  error.  (The  test  in  EPAM  is  a  special  case  of  the  more  general  problem  of 
matching  two  objects  that  appear  similar  on  the  basis  of  the  minimal  cues  stored  in  the 
discrimination  network.  In  the  general  case,  it  is  even  less  desirable  to  store  in  the  RHS  of 
a  P  a  complete  image  of  the  stimulus.  This  will  be  illustrated  in  Chapter  IV  of  this  thesis.) 

The  result  of  these  design  features  is  a  PS  that  is  more  concise  than  EPAM,  both  in 
number  of  P$  and  in  length  of  listing:  half  the  number  of  Ps  (20  vs.  41)  and  about  a 
seventh  the  number  of  lines  (but  EPAM2  has  no  comments).  As  we  shall  see  below,  EPAM2 
doesn’t  have  some  of  the  functional  units  that  EPAM  does,  and  EPAM’s  tests  tend  to  be 
more  intricate,  making  individual  Ps  more  complex,  because  the  net  being  built  is  more 
intricately  designed.  A  listing  of  EPAM2  is  given  in  Appendix  E,  but  it  is  not  expected  that 
the  reader  will  be  able  to  follow  its  details  without  reference  to  Waterman's  description 
(1974). 
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Figure  F.l  A  comparison  of  behaviors  on  a  seven-pair  test 


Figure  F.l  compares  the  behavior  of  the  two  PSs  on  a  set  of  seven  pairs  taken  from 
Waterman’s  paper.  There  are  three  essential  differences  between  them.  First,  EPAM 
seems  slightly  slower  in  learning  some  of  the  pairs.  This  is  due  to  its  less  specific  "else" 
tests  -  these  negative  catch-all  tests  are  slower  to  converge  to  the  right  specific-letter 
tests,  and  when  they  do  change,  cue  information  is  discarded.  Second,  EPAM  has  no 
response  generalization  behavior  on  this  set  of  pairs  (although  it  did  on  the  example  in 
Section  C).  In  the  place  where  it  had  insufficient  cue  (IC  in  the  table),  it  would  have 
exhibited  response  generalization  -  the  net  had  grown  beyond  the  initial  cue  for  the  pair. 
Third,  EPAM  has  no  stimulus-response  confusion  because  the  PS  distinguishes  the  kind  of 
action  it  takes  according  to  where  in  the  pair-presentation  cycle  it  is  -  it  knows  when  it’s 
appropriate  to  use  a  memory  cue  and  when  to  use  a  reply  image.  This  is  made  necessary 
by  the  use  of  a  single  net  P  format,  since  the  same  kind  of  P  fires  at  both  points  in  the 
cycle. 
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Figure  F.2  Networks  produced  by  the  two  programs 


Figure  F.2  gives  the  networks  produced  by  the  two  programs  for  the  seven-pair 
test  in  Figure  F.l.  The  notation  for  the  EPAM2  net  is  slightly  different.  Where  an  “else" 
occurs,  it  means  a  lack  of  a  test  on  that  syllable  position  rather  than  an  explicit  negative 
test  as  for  EPAM.  Note  that  this  "else"  test  is  achieved  simply  by  placing  the  more  specific 
P  before  the  "else"  one  in  the  ordered  P  list.  1  have  added  syllables  in  O’s  to  indicate  the 
extra  stimulus  image  information  stored  in  EPAM2's  net.  The  order  of  the  columns  in 
EPAMs  net  corresponds  to  the  Order  of  the  stimulus  syllables,  then  the  response  syllables 
(the  latter  are  not  quite  in  a  corresponding  sequence  because  of  double  use  of  some  Ps  as 
stimulus  Ps).  The  order  of  the  columns  in  EPAM2’s  net,  however,  are  given  in  an  order 
close  to  that  in  which  order  that  they  appear  in  the  constructed  PS  -  this  order  is 
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significant  to  the  interpretation  of  the  PS,  and  it  also  indicates  the  order  in  which  the  Ps 
were  added,  with  the  more  recent  additions  to  the  left.  In  listing  the  net,  1  have  deleted 
eight  redundant  Ps  from  EPAM2’s  net  -  they  are  redundant  because  the  PS  interpreter 
would  never  look  at  them,  since  identical-LHS  Ps  exist  in  the  order  before  them  (the 
identical  Ps  have  different  RHSs  though).  There  are  three  EPAM  Ps  that  are  useless,  but 
they  are  included  (they  are  all  "else"  Ps).  Thus  in  terms  of  number  of  useful  Ps,  EPAM2 
builds  14,  EPAM  builds  12;  EPAM2  builds  21  Ps  in  all,  EPAM,  15. 

In  one  place,  the  EPAM2  net  is  shallower  than  the  corresponding  portion  of  the 
EPAM  net,  because  the  discrimination  in  question  is  done  in  EPAM2  (accidentally,  it  seems) 
by  length  of  cue  as  opposed  to  contents.  That  is,  because  of  the  history  of  the  pair 
learning,  a  one-letter  cue,  L--,  evokes  LUQ  and  a  two-letter  cue,  L-Q,  evokes  LEQ;  in  EPAM, 
a  full  three-letter  cue  is  required  to  distinguish  the  two  (and  in  the  original  EPAM,  to  the 
best  of  my  information).  In  another  place,  the  EPAM2  net  is  deeper  than  the  EPAM  one 
(the  tests  on  C  in  the  1  position),  because  EPAM2  requires  two  Ps  to  test  for  cue  versus 
stimulus,  where  EPAM  uses  a  singfe  P. 

A  major  behavior  deficiency  results  from  the  EPAM2  net  representation:  it  cannot 
learn  lists  such  as  PAX/CON,  CON/LUQ,  LUQ/PAX  (the  fact  that  this  is  circular  is  not  a 
critical  factor  -  the  second  PAX  could  be  END  with  similar  effect).  By  my  hand  simulation 
of  the  program,  it  would  oscillate  forever,  trying  to  treat  each  syllable  first  as  a  cue  P 
then  as  a  reply  P,  always  blocking  out  its  previous  usage  by  putting  a  new  P  before  it. 
EPAM  can  learn  such  lists,  as  is  evident  in  the  summary  included  in  Appendix  D.  There  are 
apparently  some  advantages  to  the  EPAM2  representation,  though.  Old  Ps  always 
preserve  old  behavior,  in  case  conditions  fall  through  more  recent  (and  supposedly 
correct)  ones  -  though  this  can  never  happen  in  EPAM2,  by  careful  design.  EPAM2  doesn’t 
concern  itself  with  the  cue  completeness  discussed  above  in  Section  E.2.  Also,  the 
transfer  of  guesses  is  not  necessary  in  EPAM2,  whi'e  it  is  deemed  so  in  EPAM  (EPAM 
would  learn  more  slowly  without  it).  This  is  a  result  of  EPAM2’s  carryover  of  information 
as  a  result  of  falling  through  the  ordered  list  of  newer  Ps. 

Figure  F.3  tabulates  the  differences  between  EPAM  and  EPAM2  by  grouping  Ps  by 
program  function.  EPAM2  Ps  are  simply  numbered  from  1  to  20.  The  number  of  Ps  in 
each  group  is  given  in  square  brackets.  The  largest  difference  in  that  table  is  in  the  code 
to  build  and  extend  Ps:  EPAM2  uses  9  Ps  versus  EPAMs  18  (combining  the  five  lines  in  the 
table  before  the  last  one);  8  of  SPAM’S  Ps  arc  used  in  splitting  existing  net  Ps,  whereas 
the  corresponding  EPAM2  mechanism  is  having  two  distinct  nets  and  using  the  fact  that 
newly-added  Ps  mask  old  Ps,  which  mechanism  uses  no  Ps  in  the  EPAM2  code.  That  8  Ps 
versus  none  is  the  largest  single  difference  between  the  two  PSs.  Storing  the  full  stimulus 
syllable  as  a  TEST  in  net  Ps  saves  EPAM2  6  Ps  over  the  explicit  comparison  done  in  EPAM 
(1  P  versus  7).  EPAM’s  re-stimulalion  mechanism  uses  4  Ps,  corresponding  to  nothing  in 
EPAM2.  The  other  differences  in  numbers  of  Ps  between  the  two  (five  other  classes) 
amount  to  a  total  of  3  Ps  difference,  with  the  values  of  the  differences  between  -2  and  2. 

The  largest  difference  in  number  of  Ps  between  EPAM  and  EPAM2  is  thus  indirectly 
related  to  the  use  of  an  order ed-PS  architecture.  (Though  it  is  largest,  it  is  the 
combination  of  several  groups  of  Ps  in  the  figure,  and  it  doesn’t  constitute  a  majority  of 
the  differences.)  It  is  indirect  because  the  component  affected  most  is  the  network  being 
built,  not  the  basic  EPAM  PS  itself  -  that  is,  there  is  a  clear  distinction  in  cost  h  tween 
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Functional  units: 
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Figure  F.3  A  comparison  by  functional  units 


adding  new  Ps  to  an  ordered  list  and  gradually  modifying  existing  Ps.  Order  is  considered 
contrary  to  psychological  evidence  that  recognition  (matching  a  P  condition)  is  a  parallel 
action,  not  a  search  through  a  list  of  Ps.  EPAM2’s  most  serious  defects  as  a  model  of 
EPAM  are  in  the  use  of  a  dual  network,  which  prevents  it  from  learning  lists;  in  the  storage 
of  the  full  stimulus  image,  avoiding  a  more  complex  comparison  to  assign  credit  for  a 
mistake  but  violating  SPAM’S  partial-storage  principle;  and  in  creating  many  redundant  Ps 
instead  of  making  incremental  additions  to  the  sensitivity  of  existing  Ps.  But  EPAM2  has 
the  more  interesting  behavior  on  the  particular  7  pairs  exhibited.  EPAIxTs  design  position 
with  respect  to  the  negative-test  "else"  Ps  is  probably  to  blame  for  peculiarities  of 
behavior.  It  decreases  specificity  of  tests  and  thereby  the  likelihood  of  retaining 
information  leading  to  response  generalization.  The  use  of  splitting  operations  on  existing 
Ps  makes  EPAM’s  design  more  intricate.  (EPAM2's  design  is  intricate  in  another  way, 
though,  since  dependencies  on  PS  order  and  on  Working  Memory  order  are  implicit.)  Since 
it  decides  definitely  what  to  do  with  the  various  components  of  the  Ps  being  split,  it  takes 
a  more  rigid  position,  and  this  is  more  likely  to  show  up  as  peculiarities  in  behavior. 
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G.  Conclusions 


GL 1.  Summary  of  conclusions 

The  EPAM  PS  demonstrates  the  feasibility  of  using  a  PS  to  build  a  PS  in  response  to 
the  demands  of  a  simple  verbal  learning  task.  Ps  are  added  to  a  set  of  Ps  representing  a 
network,  and  Ps  in  that  set  are  also  modified  by  operations  amounting  to  splitting  and 
extending  LHSs.  Local  use  is  made  of  knowledge  of  subcomponents  of  the  Ps  being 
modified.  PSs  are  quite  suitable  for  modelling  EPAM  discrimination  networks.  The 
particular  EPAM  design  has  focussed  on  minimizing  the  use  of  P  storage  and  maximizing 
the  use  of  structures  already  built.  A  comparison  to  a  similar  program  makes  it  clear  that 
there  is  a  tradeoff  between  using  knowledge  about  existing  Ps  and  using  an  ordering  on  a 
list  of  Ps,  although  ordering  is  considered  on  independent  grounds  to  be  unsatisfactory. 


G.2.  Further  research 

There  are  several  primary  difficulties  that  require  consideration  beyond  the  present 
scope.  In  order  to  be  plausible,  an  EPAM  PS  should  be  simple  enough  to  be  learned  from 
some  simpler  basic  knowledge.  The  present  one  is  judged  to  be  too  complicated  for  that, 
but  a  careful  analysis  needs  to  be  done  to  confirm  it.  Perhaps  an  attempt  to  do  EPAM 
without  modifying  or  using  knowledge  about  existing  network  Ps  should  be  carried  out. 
This  must  go  beyond  Waterman’s  use  of  an  ordering  on  the  PS.  Or  perhaps  the  aim  should 
be  a  more  automatic  and  less  awkward  use  and  modification,  along  the  lines  presented 
here.  That  is,  the  splitting  and  extending  might  be  made  an  automatic  feature  of  the 
architecture,  carried  out  when  a  new  P  fragment  is  presented  to  the  PS.  EPAM  is  in  a 
sense  rather  fragile  -  if  there  is  an  error  in  an  input  pair,  it  may  not  be  able  to  recover 
when  given  the  correct  version  again,  due  to  non-retractable  and  non-correctable 
modifications  made  to  Ps.  EPAM  has  significant  promise  as  an  effective  way  of  minimally 
representing  complicated  objects  or  situations,  but  to  become  that,  the  basic  process  must 
be  much  more  general.® 

The  following  secondary  difficulties  pertain  to  the  more  narrow  field  of  nonsense- 
syllable  learning.  In  assuming  three-letter  syllables  too  strongly,  EPAM  became  committed 
to  very  specific  processing,  whereas,  it  is  now  evident,  a  more  general  approach  would 
actually  simplify  the  representations  and  the  PS.  There  is  no  provision  in  EPAM  as  it  is  for 
using  a  wider  context  to  disambiguate  multiple  occurrences  of  a  syllable  in  the  same  role 
within  a  list.  Design  issues  with  respect  to  specificity  of  tests,  cue  completeness,  and 
preserving  older  information  have  been  raised  in  the  preceding  sections.  Finally,  this 
effort  has  not  aimed  at  reproducing  behavior  of  humans  as  was  the  original  EPAM. 
Adjustments  for  specific  behavioral  pecu'iarities,  speed  of  learning  (number  of  P  firings), 
recency  effects,  and  list -length  effects  could  be  considered,  and  seem  to  be  readily 
attainable  >  i  PSs. 


•  Chapter  IV  presents  some  progress  towards  that  goal. 
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Allen  Newell  suggested  the  alternatives  in  design  with  respect  to  keeping  track  of 
the  knowledge  already  encoded  as  Ps. 


6.4.  References 

Feigenbaum,  E.  A.,  1963.  “The  simulation  of  verbal  learning  behavior",  in  Feigenbaum,  E.  A. 
and  Feldman,  J.,  Eds.,  Computers  and  Thought,  pp.  297-309.  New  York,  NY: 
McGraw-Hill. 

Hayes-Roth,  F.  and  Mostow,  0.  J.,  1975.  "An  automatically  compilable  recognition  network 
for  structured  patterns",  Pittsburgh,  Pa:  Carnegie-Mellon  University,  Department  of 
Computer  Science. 

Waterman,  D.  A.,  1974.  "Adaptive  production  systems",  Complex  Information  Processing 
Working  Paper  285.  Pittsburgh,  Pa:  Carnegie-Mellon  University,  Department  of 
Psychology. 


IH-26 


EPAM  APPENDICES 


11141 


•MM 


tMMt 


»mw«.  irtiLBlM 


(MMKMMOiMOIN  71MACaO(t7ANKa)i  DOMmO 

•  Muomti  ttti-tmmwmtumm  asmstions) 

at  imi?  14  ->  cxitTSA  i  mi)  a  nr  id  i)  *  r&  u 
a  mmi)  a  m» 

•  ITIMCKXIl  11713)  A  t?IMW0M(T.'1.7) 

«nmi  -> «  voNKrxrr.  x/v/n 

CUtlTWQOl  1 171.3)  IX ISTSC I £70) 

•  roxcxcM  i»  non- ■xx.it  woo  a  m 

•  cuomtucmoox  i«>3)  wMttt  x.  is  c.  «■  -xx 


«  r  .  T  IKO  TtSTS  i  CATCH  WHICH  MT  7000  DIO  III 

7  ll  "INI?  NIT"  •  STIMCWU  I  mi)  *  NOV  f  XISTSP)  »  f  mom ) 

•  ST1MV0MXWI  Wl.Wl)*  MSTOWSfltMlWMl) 

•itxisTStmiwq  «  ut  id  i)  *  stimcwu  imi) 

•  A00770CX7N.  I  AAMN.'W  T  ",«UT  l.V  I VV  I  .V  l», 

<  <VlKO.<guOTI7N>>.MMAGt/quOU,«UNNO'>, 

CCUtTNXD.'XX.XXI  >) 

0  lHSHKl(PN."t(l  I .VI") 

$  lHSTf*M(7«.'*WI.VI''.T>0S.|| 

•  RHSIMACCIPN  OUNNO)*  «wSCUt(7N.«CUI  7NMI.'XX.XX>) 

0  AOOTOOCXTMTN.-NtT-.i  CUT  l.'VI>.O(0T.<WI.'VI>>  >. 

<  <THfO.<  OOOTI7M»riUA«/'OUOT!.OUNNO», 

ccutTM/xx.xx.xx.  * ) 

•  IHSMtUTM.Tfltl  l,-VI») 

•  lHST|«M(»u.«KOT.<WI.'»l>».V(G.II 

•  ■HSIMA«(FM.'OUVNO)t  •MSCl*(»M.<‘CUl rv.xx.xx.xxH 

•  lASTNEwirM)  s  OUWTSIHVI  WMli  *  MGAU(A)i 

Hi  ■*?  im  »  ik"  •  f  mow  a  s>  iMcmu  im)l 

•  imaci(w)  *  cutTam.ip.vi  vi.vi) 

.»  stimhmo  imisnM)  t  oiocutTtmtivi  vjyi) 

•  0*7*00(7)  »  MGATI(AU|| 

f  J>  "cut  riH"  •riacop)  a  cucTMxxoia  »ocai*mt(i  mill 

•  ax»amipviMJHn  a  imagmw) 

•>  STjuafMTui  VJX1-DO0  •  STiuatHA  imi.cut)  *  ainrfw) 

•  MaivaMop)  a  cut  tutu (oi  mil)  •  mga?kau.-7)i 


3  not  tii-  aiSaONSC  (XAMtMAT  ION  (HAT  IVI  TO  a(PLV  3 

•  li  "waiv  MATCH-  •  at  VONSHWI  imi)  •  naiarwi 
.>  tf*ir(  or)«  MGAT«AU)i 

Mi  -«taiv  nuu."  •  kstonsi iai  i mi)  a  k»iv(w) 

a  sATisritsiw.w  to  tunno)  a  ataivaacop)  a  usoupfl) 
•>«t»ivrc«) 

•  ataanwa/.v  iko/'QUOU  7'V'Imagc  rquOTi  *»«•) 
a  aUSlUACIPVIa  NOT  VHSIMAGTp  W)  0  NTGMf(U): 

■Jiltaiv  waoNC'  >  kstonshwi  imi)  a  atn»(»l  a  vNtq<w*I 
a  SAT  1ST  l(S(l(  NTQ  OUNMOK  SAT1ST  KSIMNtO  OK) 

a  cutaaoop)  a  mtivtwcoio)  a  a* 'am  ((►.vivi.vl) 

•>  COMAATTfSTd  ICM  ■Vl'tMX  7VI) 

a  cOM*ATHSi(iicAOOa  txaioot  a.vl) 
a  comaat if st(i icaoa  txaioot  ay?) 
a  coMAATaosAiowi  mum  mg»ii(au...i.»>i 
M|-(t*iv  ABS"  1  atSTONSHwt  1171110  «  OCUt  >*m  Hr  I.V7V3) 
a  aitaaoop)  •  not(  ixisispi  a  K*it(H ) 

.» ot iMatM<vi.v7,v3  cut) a  »ooTocutPi  n»il) 
a  cut»»mt(a.vi.v7.vi)a  atSTiMwotoioa) 
a  Nt6ATt(AU..|)i 

•aiit  st  im*  .atsTiu(x)  a  iti«iviumici 

a  satismuic.c  to 'sum)  a  cut  tamtp.vi.viyi) 
a  •tSaONSIItMIMlMl) 

•>  ot  iMafMAf  Mfo*)  a  it  t  in  i)  a  it  T7ci»)  a  it  imii 

a  stimcmki  im])a  aoatsHiMiMiMiia  wgathaux 
•SAl*if  STtM.*<atSTIMHQlO(X)«'attTIM(X)a  MGATK  III 

Ml  "COMM?  ."aCOM(AT(OS(X)0  C0MMTA0SA(«.«»1 117130 


a  N0T(tXISTHVIV7Vl)a  eONMTTtST(VIVtVD) 

0  NOT(  tXISTKC)  I  OOM7ATMGIC)  ) 

•>  txTiNotsajto.wi  uni)  a  tocsaooiookpi  nun 

a  atOVfoa)  0  NtGAT|(All)i 

Iti  XOaMAT  T."  I  COM** T  if  j T(w I.W74)  a  SATIS?  HtttA  to  300 
J  ComiattomC)  I  NIGatk  l)i 

■TAl'CONTAT  T.A"  i  C0M»ATTCST(W  l.wio  t  MMXSTIM.  I) 

.»  CONWATtOSK)  a  NIGATK  l)> 

tTCl  "CONWAT  T  OT  •  COP  AT  T(ST(W  IVMO  0  SAT  1ST  ICStCjC  «•  TOO 

•>  coNPATaeac)  a  ncgatk  in 

til  "C0M7AT  T."  *  C0MAATTCST(WI.W7£)  0  MT  OAT  1ST  IIKCX  t«  300 

a  vntoiw  i.wii  a  not(  ikistm  i)  a  oiotxtTiMa  o ) 

->  C0M7ATMG(C)  0  NtCATKIIl 

Ml  *CSN»AT  ■  COPATNHKC)  a  NOT(  IXISTSTX)  a  commtvoooo  I 
a  CSM7AT70SA(O.W.V  1X7X37)0  STIMWO«Oft  11111) 

•TfXTtNO.SISlA.'DlHVOl  11711)0  IXTtNDSTlum  0  KITIUfOX) 
a  OlOtXtTIMft  II  a  tOSSAOOTOOJtCXX.-XX.XX.XX) 

A  NIGATK !!)■ 

Ml  "OONWAT  .KM"  t  CONMATNIGOO  0  COMAATAOKC) 

.)  COMAATNtGOO  0  NtGAUITIi 

oioi"khks»"  ■•RTina  etoaisKti  mil) 

M  KSKNVI31  mil)  a  NtGATKT)! 
oioai  -km  ksa-  < oiokskii  hud  a  non  txistsoq  a  khtpo  i 
•>  KPONStftl  mil)  a  NIGATK  1)1 


tAAGt  liC.CU  IXAM.  TOOCTiaMINC  WHAT  TO  MX  IN  NIT  S 

circMcu'  ■  aootocupi  11111)1  eutt«m((AViM7Mi> 

a  SATitntsiM  i mi  to  no  a  ihscwpoi  a  kkimawpj) 

J  KHBKP.TTT  IKO.'  OUOTt  7».r|IUGf  .CQUOTt  X  ». 

CCUt  71 IM7M1”) 

I  MCWP.CCUtM  IV? HI')  1  NtOATKIA): 

Cli  *CH  CUtl*  *  AD0T0CUTP1 11711)  a  CUtTtmtPlMMlMD 

■  a  SATIS? ltS(MIMI  NTQ  XX)  a  SATlSMISIMSMltO'XTQ 

a  rocutp.oia  «MsiMAGt(A.i) 

KHMO(A."T  IHD'  OJOTT  7,|^|MAGt.<qCA>rt.(», 

CCUtfllMlll") 

a  BI«CU(?.<XUt71  IH711I)  a  NtCATKI.Ml 
Oi-chcui-aaodtocmpi  mma  a**»int(A>iiM7Mi) 

a satisfksiuihi  ntq  xxia  satikhkmimimo too 
a  SATiKKKMiH?  to  vx)  a  tHscut  p  .0)  a  miamockji 

•>  KMW.'O  IKO.'  OUOTt  7».c  IMAGt  .CQUOTI  .l». 
<XU7lll?ll") 

a  «HSCUtl».rci*7l  ll?ll')a  XtGATHI*)! 

CAi  *IXT  IS  MG'  »  [XUNTX  SASP.IMIMIMI)  0  IMSTtMIMMU) 

a  s*Tisri(S(NN(a  mg)o  satismur* to  i) 

•>  SnltPKAp.OI  l.v  I'.MG.I.I)  a  MGATK  1)1 
CSl  TXT  is  MG1*  ■  |XTtNOlS*S(MMIW*‘?l  0  (HSUaMpMUJ) 

a  sat  is?  i(s(nn  to  mg)  a  satis?  hsisstoji 

•>S71)T?KAf7.0Al.Vl'MG.I7)a  MGATK III 
OAlIXT  lSMG7-«|XU/WJtS?»M*IIAI7jW)a  IHSTItMpMKS) 
a  SAT  1ST  KSfNNCO  MG)  a  SAT  IS»  If  S(SS  to  3) 
.>SK1TMtK*.«7.V7>.-M6.l3ia  M6ATt(l)l 

Oil  tXT  IS  70S  3-  •  tXHMXS»S(7.IMIM7M3)  0  (MST(AM|7»a.N*) 
tSATtsri(S(NN(0  7OS)aS*TlST|IS(SStQ  I) 

.» SHITTWTp.ai  Tl.Vl'.Ml  -V3M2)  0  MGATK  l)i 
CSi  1X1  IS70S1-  •tXT|NWS»«A.IMIM7HJ)a  IMSTMAN7RN*) 

a  tATisn>s(NMco  vosia  satikicsiss  to  7) 

J  S7ll»7»f 7|7AC  T7.V7>.’NI7.'V7>.|3)  a  M6ATt(  III 

si  .hah  TiAasof  siiAuusioacut  )3 

t  ll  -STIM KMI'  •  STIMKUtl  11711X1  a  ll?  •#  I)  •»  MGAtfCDl 
111  IT  |U  MW’  iSIimiMtl  11711X10  It  17(171  •'  MGATtCTIl 
iii  *st  iu  mmi*  i  s?  immma  i  mix)  outsail  •>  mgatkdi 
ui  *stim  mm  mm-  ■  si  umimkm(x)  a  si  iMKMa  mii.w) 
.>MG»'((»U)| 

ttl  HIM  MM  MM.-  ■  STIMHMCMpT) 

a  Mon  txisTKi  imi.w)  a  atuMtiNv  mis.wi  I 

•>  MGATK  Ml 


3  7A0»  a  •  t  . S7»  IT  M  T  MOOS  INTO  TWO M«  OM*  3 


til  tPLlT  woo  WIG'  «  SPV|TPftOO<PJMT.!£PjCM) 
ftftATJSFirsm.lf  KQMC)ft  IHSTCtM 

•  LHtwtu^n)*  i^smwto)*  »wscut(>co) 

•  MlMACf<P.OJ)  |  rOSSAOOTOCUlfCi  11713) 
•>CXlfTS(PW)ft  AOOWOO(WO  ‘Wf  r-K  ft* 

^viato*  **«’</*  »riMA«rouoTioi»», 
CCUPW'NCONC  CM* 

•  IWttMCWH  ft  ri*T*»»;i*cs)ft  lHSrtU(PWR) 

ft  RHtlMAGtW/H)  *  *«SCUt fSW.'TUC PV * WCOWC  CM) 

•  KNwoy.urn  •  *»>/<r  t«co/  quotip  » 

<-|MA«/'0UOTU».<  CUP‘  WCOWC  C*>) 
ft  lMftT|tM(P/*>;POSS)  ft  lAft!l*Wt»W)ft  MKGAU(AU,ft) 

•  anscuitp/curp'  wcowc  w  •  •hsiuagm#.  th 
fttl  IK II  WOO  POS*  «SPUTWOO<P.TP.t?.UP.CW) 

ft  MOT  »ATISr||S(tT.Tr  IQ  *C6)ft  tWSTftWfPM. *J> 
ft  |MSWft<Ppl)ft  |ASti*WfO>ft  1KSCUNPCO) 

•  M1MACC(P.0D  ft  POSSAOOTOCUItCl  11313) 

*>  fXlSTS(PW)  •  AOOTOCUCICi  IL7J.3) 

•  ADOPtOO(PWl)  *Wt  T*Pl  •  M.  p  <TP>  •  «  VOT  Tf  », 

«»  1*0.' ‘QUOTC  W“.<IMAG£.<QUOTI.OI». 

<XUtPW' WCOWC  CM5) 

•  lMStltM(PM/'M0l.T1’\MC5»l) 

•  LMSPtUeWM.  P  Ml  P  <TP'> 

•  «MSIMAC*(W401)  I  *A<SCl*(PW/'a*PV>  WCOWC  CM) 

•  «wtoo(p.'Mirpi.  pmi  p  <tp.p«Tt>. 

<n  IHO.'  Wl  *t\r tMACC/QOOTt .1”, 

<TU*J>  MCOMC  CP>) 

•  iMSUftMtP.m>;poftS*iUtwspau(PpiftWi  p^p>> 

•  LAftTWCWtPW)  ft  MCGAT«AU) 

ft  IMSCUtPrCUCP)  MCOMC  CP)  ft  «HSIMACe{P.I)( 

S>f"*Pl)T  PtfP  r  ■SPinW|PtPTP.tt.lS)»MOTCXUSX»STtMtP) 

ft  SA1ISP1CS($3IQ  l)ftftt!MW0«0au7l3) 
ft  ttSPOWSI  (t  v  1  V7  .V3)  ft  VMCO(l  I  V  0  ft  ®*SCl«  (P.CO) 

•>  S«.  JTPtOO<P.TP.It.l .'  XX.XX.XX-COOt  CO)  ft  WfGAT ((  |), 

PtfP  tA”  «Sn.Itr9eP(P.»P.Tt  )S)ft  VOT  (XKMDSTIMP) 
ft  tATtSniStSSIQ  1)  ft  St  IMWOPOC.  It  >13) 
ft  tt STOWS*  (t  v  I  V>  V3)  ft  Vt  0(1 1 VI)  ft  ftuSC'.iftPCO) 

•>*PUtWOO<P.TP.TT.lCOOC  CO/XX.XX.XX  )ft  W!GATf(i), 

t4i*tfut  pttp  ?' « snitntep(p.rp.rr.isi3  mot  r*uwsT/M(P) 
ft  «AT|Sr|fS($5tQ»ft  SUMWOtOa  IJ.31 3) 
ft  ttSP0MSI(t.V|.V?  V3)ft  VMIQ(13V3)  ft  »'SClft(P.CA) 

•»  SH 1  tweeXA.tP.t  1 .1  .OCX .  xx.  xx  coot  CO)  I  *  GAtfC  I), 
»4A|-snn  WlP>A“«SPUtrttP(P.tP.Tt  ISIftMOl  (Xi(HOSt|M(t| 
ft  SAT  ISMI S(SS  f  0  71  ft  ST ivwotoet  11713) 
ft  tCSP0MSI(t.VIV>V3)ft  VfQ(l3V3)ft  t»«SClf(t.CO) 
♦>sniTPtoexp.tPt t,i coot cooex/xx  **•)  t  m*gat«i)s 

til  *Sftllt  PttP3"  «SPtHPtfP(P.tP.TT.lS)ft  MOT  (XT|WOST|M(P) 
ft  SAT  1ST  II S(S*  IQ  3)  ft  SUMWOtOa  U-?l  3) 
ft  fttStOM*(t  VI.V?.V3>  ft  VWTQ(l 3.V7)  ft  «H5C1T(P.C0) 

•>  fPl|TPtOO<P.TP.IT.irXX.  XX;xX‘£OOt  CO)  ft  MICATKOi 
•fAi  *»Pl  |T  PtfP  3A-  i  Sfl  ITrtCPet.1P.TT.IS)  ft  WO*  fXtIVOST)M(P) 
ft  ftAT  1ST  If  ft(S£  CQ  3)  ft  ftT  IMwOtOCl  I L  >1 3) 
ft  ttSPOWSI  (t.V  I  V?  V3)  ft  Vt«V>V»ft  ftMSCi1(»C0) 
•>ftt\.1»W00<P.TP,t?.lC00t  CO/ XX.  XX.  XV)  ft  MIGA t((  |)f 

Ml  •ftftlT  WfPS*  »SPl)TPtfP(P.tP  TT  !S)ftlXT|MOSTIM(P) 
ft  tHSCUI(P  CO)  ft  ttSPOWSI  <t.VI.V7V3) 
ft  WOT  SAT  |$r  II  S7(v  I  CO  VI  (QCAOOt  CO) 

•>  «Pl  1  TPtOWP.TP.T  1,1 /VI .  XX,  XX  coot  COI  ft  «GA?f<  1 *)» 
•7l*»niT  W|PS7'  sSPl|TPt|PfP  tPTT.!S)ft  IX1|*>ST|U(P) 
ft  tHSCU(P.CO)  ft  tf  SP0MS|(»  V1  V7V3) 
ft  SAT  1ST  It S?(V ICO VI  IQCAOCtCO) 

•>  «PL1  TPtOWP.T A.T T ,| .AM .XX.XX i/XK .XX.XX ») 
ftM|GATKU)l 

IMOiKMD. 


xtfT  or  ipam  hub  Mir  nrrn  note  aah  tut 

A 

IHSUSIS  PW-3  -W-ft 
•M5USCSW-7 
AtOPtOOP 
fteuiuMiin 
AOOTOCU 
iwusttciaa 
tnsust  $  »t  -c  i  -a  -cj  S7 
C0MPA1MIO 
UOUSUNIK 
wiSHoi  as 

ftSUSIStIJItK 

COMPATPOS 
IHSUSIStStSC 
MIST((H.  tt 

MUSIS  AS  a?  ITA  ftTC  Ate 
COMPATPOSA 

iHSusis  as  as 

MSUSISt)  AS  AS 
COMPATUSt 
IHSUSIS  t>  t?A  tTCtt 
MISTIOl  H 

tHSUSt  S  n  A7  A7A  -M7C  Aft 
CUPtCO 

IMSUSlSTJtft  ftft 

IHSUMSf)  Aft  ftt 

cmttm.1 

tMSuses  ft  n  ti  as  c  i  c?  o 

tHsusts  tits  -rat*  jis pm- i  m- 1  w.j pw-spwa  w-im-ft 
(xUMOisas 

IMSUSIS  Ct  cs  cs  c?  ct 
bhsusis  as  at « -cs  -cs  <i  -ca 

(XUMOSUM 

IMSUSI S  -S3  -S3A  -S*  -S4A  -SS  -*SA  tft  ST 
BHSUSIS  t9 -SS  <ST 

r 

IMSUSI  S  PM- 1  AM-t 

n«o 

iHsusistns 

MISTIOl t  I 

•MSUSIS  -ri  Aft  PM- 1  PM- 1  W-l  PW  3  PWA  W-S  PW^ 

IMACI 

ihsusis  r>  u 

MACS  A?  A3  PM- 1  PM- 1  M  )  W-S  PWA  PW-S  PW-ft 
IASTIKW 

ihsuussi  si 

■MSiStft  f  I  SI  -St  S3  K’ 
it  T I 

IHSlATf  f  *  tV-»  Wl- 1  PM  7  PM  3  PNA  PW-S  M4 
•HSvAtSTItS  AIPM-I  PM.|  PM  I 
ll»7 

IHSUSIS  17  PM  I  PM  S 
tk«US»f  as  A7PM  )  PW-7 
lt»3 

IHSUSIS  13  PW-ft  PW-S  PW-ft 
trusts  a*  A3PW-I  PW-7 
iwrati 
IHSUSIS  St  S3 
■wusisn  s»  »  S3 

IHSU»M 

IHSUSIS ct  CSCSC7CSSI  S3 
ansusisri  SI  SI  S3  .S3 
M 

IHSUSIS  PW-ft  -PW-S  PW-ft 

t>euutpw  i  pw  3 
w 

IHSUSIS  rw-ft  -PW-ft  W-ft  PW-ft 
tHftUSf  ft  PW- 1  PW-3 
dOOfttlAI 

iHftustftfJtft 

WAUStftf}  Aft  4ft 
OlHvftt  |U 
IMftUStfttTA 
NiftTioi  as 
ftftustllf 

SlOfttSP 

IHSUStftttOtlOA 

aWUUftPlift  AID  AIOA 


lll-ftt 


CUM  l»<irpt»  tf  tMM  Prifeitw 


LHSUKS  PN-2  <4**4 
■WJSKM.I 
POSSAOOTOCUt 
IHSUStS  SI  S3 

shsuksm  ««-tt  c 

•ftPUT 

LHSUKS  SI  IS  IS  110 
MSTCOL  M  «|OA 
■MSUKS'SII  411  19  -12  -IS M 

sen.  moo 

LHSUKS  n  *3 
SHSUSCSfS  43 
HIM  004 

■hsukssi  n 

IHSUStS  19  C I  Q  C3 
KSTWM 

LHSUKS  M  «1  I2D  MUSI  S3A  $4  Ml  IS  ISA  St  P 
IHSUStS  -*  /  411  -19  4ISII0II0A 
HSTIM 
LHSUKS  IS 
IHSUStS  IS  IV»  If 
KStIMHOtO 
LHSUKS  ISA 
IHSUStS  M  4M 
■Hscue 

LHSUKS  19 Cl  C?  C3  SI  S2  S3  $3A  SI  S4A  SftS*A$6S? 
IHSUStS  n  Cl  -Cl  C7  -CJC3-C3SI  -SI  Q  U 
SHS1MACC 

IHSUStSCl  C9C3SI  S2 
IHSUStS  f  I  12  -17  SI  SI  S3  S2 
sniTMtp 

LHSUKS  S3  S3A  $4  $41  S3  SM  S6  S? 

IHSUStS  Cl  Cft  C6  C?  d  -S3  -S3 A  -SI  -SIA  43  -SSA  4«  -«7 
SHITMCO 
LHSUKS  SI  S3 

IHSUStS  -St  -S3  S3  S3  A  SI  SIA  Sft  ISA  M  S7 
ST|MC>« 

LHSUKS  9  I  92 

ihsuscs r  i  -#7 is 

STIMMM 

LHSUKS  >311(2  1311 
NESUOL  IS 

IHSUK$r7f3ll  -Aft -44 
•TfMHMHM 
LHSUKS  C4C9 
IHSUStS  IS  -tl  •€» 

ST1MWCA0 

LHSUKS  f  I  99  S3  S3AS!  SIA  33  534 
U 


rwftT  sre  or  nm-mr*  mr 

TOO  UVrt  HSftT  IftTJfl  nti 

llOTTJMt  Util  ll-p  it  ll-P  UIT2  12-P  II  12-P  (LCT9  19-1 )  '■  L9-1) 
tSTircMc  li-i  12-1  Li-n  (Stiimkd  t  i  •>  C!L2tlT2nttPCSftM*4ft3Aft3*ft 


top  ic«i  asscit  mv  mil 

DOTTING  (PCftPONSC  N  U  m  t\t 


»  i.  r i-i  "ittiT  *r 

USING  fSTffCift  ll-l  12-1  IMI  (STIOTO  f  I  #1  (I 


PN-1  •  • 

IMS  lltll  vn  ir  VP 

»€  (Exists  cp  iriPco  coudtc  pn-iii  phage  (quote  oumdu  tun  CP  (N  CP 
incTiinc  iouotc  p*m>  ci  (ouon  mi  iouort  nn 


PH-I  •  net  • 

lms  (irn  vp  (not  ir  vpi 

*6  (MPEO  (OUOTC  PH-JM  (irwGt  (QUOTE  OlMNDM 

icuetripu  iouotc  ph-p  t ouotc  mo  (ouotc  mi  (ouotc  mu 
vips  vi 

MRPNING  ILI-P  HICAOT  IWOCP  LCTJ  •  * 

DIKING  (Ll-l  L2-1  L3-P  ILKIOT  UNDCI  ST  DO* 

DOTTING  UCTI  Ll-p  CSTIHCHT  Ll-|  L2-T  L9-P  (POOPPOPP  PH- 1 1 
(LMSMfL  PN-I  ((LCTI  VI  Ml  U«STCPf»  PHf-1  (If  VPI  POft  P  fRHSIfWGE  PUM  OHM 
(P»6CUC  PN*  1  (CUE  IN- 1  N  XV  MU  (lOOPIOOP  MM)  UMSPtCt  PH-1  (ILCU  VIU) 
UHSrfffl  PH- 1  KNOT  If  VIII)  MEG  1)  (PM5IHAGC  PH-!  DtSMQI 
CPM5CUC  PH-1  (CUE  Pn-l  XI  H  XXI)  UAStNEM  PH-1)  (OLOPtSP  NkP  N  U  HI 
(NOT  (PESP0N5C  Nkffl  N  U  MM  PH-l/PN-1/ 

•  2.  PN- l-l  'NET* 

USING  (LET!  l|-|l  cf  LIP 

INCITING  tf  (PCO  PN-I)  MHflCE  DLMC)  Util  Cl-P  (N  Cl-P 

fcwTiiuE  pn-j  ci-i  lx  *x>  rar2/ 

■  1  T2-1  •SITMfm* 

USING  u  1PE0  PN-P  (STirtHC  ll-l  L2-I  ll-P  IIHAGC  MfMQI 
(CUETPIUI  PN-1  Cl-1  XX  XX) 

DOTTING  (STJWt  Ll-l  12-1  CM  $Tjm  faOCUCWPU  Cl-I  W  XX)  (CUPPOO  P#- 
(NOT  (riPCO  PN-P  I  (NOT  1ST  DC*  11-1  L2-1  L3-IU  (NOT  IMAGE  OUMOP 
(NOT  ICUETPIPIE  PN-1  C1-)  XX  XX))  PSC1/ 

?  1.  El-I  •Still  Kill* 

USING  I5UH?EH  ll-l  12-1  13-1  $T!m  Util  11-11 
INSLXTJNG  (WT  (LEU  Ll-p)  E«E9/ 

I  S.  E3-1  *ST|(1  PEW 

USING  (SUIff*  ll-l  L2-1  13-1  SUM)  UCTJ  13-P 

1NSLVTING  (MOT  UET3  13-pl  £2/ 

•  I.  E2-1  'STiri  «H2* 

USING  IST!rt?E)1  ll-l  12-1  L3-I  SUM)  ILET2  L2-P 
INSISTING  (NOT  (LCT2  L2-PI  Mf 3R3PM-1 /PT1-I/ 

!  7.  PH-l-1  •NET- 

USING  UEU  Cl-P 

HOTTING  (PIPED  PH-P  l)wa  DUKMO)  CCUETNIPlE  PH- 1  M  W  Ml  r2f|/ 

!  •  F3-I  'CUE  riPE* 

USING  (T JPCD  PH-p  (CUEPPOO  PN-P  (aOCUETPIPLE  Cl-1  *X  XX) 
iCUCTPint  Pfl- 1  XX  IX  XX)  IlHOCC  OUNNO) 

IMSfPTING  (Stlrvin  XI  XX  XX  OtPO  (STiWEH  Cl-i  IX  M  CUE)  CPCM.T  OLMNO> 
IRtPlIMCO  m-1)  1CUCTPIUE  PN-I  Cl-1  X*  XX)  (W)T  (r|«TO  HHM 

(not  (aocurrmc  cm  xx  »u  (not  (ojctripu  ph-i  xx  xx  nu 

(NOT  ( in**  OLMNOll  Cl/ 

»  ft.  11-2  -STIN  senr 

USING  (STDfttn  Cl-1  XX  xx  CUE)  (LCTI  Cl-P 
UOTT1K  (NOT  (LEU  Cl-P)  OTEXlfttfJPfOS 

?  Iff.  t|P-l  *PtH  PfSP* 

USING  (PCPIT  OLfMO)  laOPESP  Ntfl  N  U  n) 

1NMPTJMG  (PtSPONK  NLH  N  U  HI  (NOT  (aOKSP  Mill  N  U  HI)  N|/»2/ 


t»AM 


DilitW  t rMi  m  T* rn^ir  fnl 


C 


*  it.  *z-t  *per.t  nuu*  f  jt.  ts-i  *«r  $rm* 

usi*c  insjww  wnum  may  odm»  m*i<nn  ph-ii  using  ipcsiih  on  tsnwcii  u-i  lz-i  u-i  sum  imtsipu  m-i  nun) 

ivmscuc  sn-i  i cut  ph-i  n  »  mi  (icspwsl  wnn 

■O’"***  INSISTING  (SUmrmtn  on  alt!  ll-l>  lilt*  tl-l>  (Lit)  t)-l> 

*»*-l  '  *’  '  IStm*  u-|  12-)  U-I)  (&0PCSP  SO*  P  0  *1  (NOT  (HS1IH  OU1 

lms  ait i  vn  inot  ir  vim  net  isttwtn  u-i  u-i  u-i  stint i  net  (oitsipic  m-i  n  n  mm 

•ns  iristo  iguott  ph-im  < lima  (ouort  msm  inot  (Kcsponsc  po»  p  o  »m  K/i4 / 

(cuctpipu  luuott  hhi  < ouott  m  iguotc  m  louott  nn 
wets  vi  *  «.  tt-i  *!im  Xu  wi' 

insisting  iitnt  on  ipcpshsp  ph-h  iMsimcc  Ni-i  an i  using  (Stimtmtn  »i  istiipch  n  n  ii  cuct 


*  not  inenvcr  sn-i  olmnom  net  ipcsponsc  wmi  mi  net  isw.t  rmom 
«jBn*r»iciwt)sis«JS»*s*S4*isssv*sss?f  jrrcioctcsci 

wonw  ipn-i  i  ipn-i  i 

wppmsp  <sn-n 

WPLY  (Ocl 

SMto  pn-i  m- 1 

NIL 


ton  ixvti  assist  istln  mi 

lNsrotne  am  u-n  i«  u-n  am  u-n  <«  u-m  atti  ii-u  m  lmi 
(stiftt*  u  i  u-i  u-n  istiruora  tiiiii  ciffi-i/ 

*  12.  m-i-z  -Ncr 

using  am  li-1  i 

insisting  triPto  pn-it  iiiwGt  Num  (cuctsiac  ph- i  h  it  hi  m/ 
i  13.  P2-2  *snn  riPt* 

USING  (MPtO  P fi  n  (Stilt*  Ll-I  12-1  13-11  (lima  NUHI 
(CUl  TP  I  Pit  PH- 1  H  H  HI 

insisting  istlimtH  U-I  u-i  13-1  Slim  laocUtttlPll  H  II  HI  IClCPPOOm-l) 
inot  (fipio  ra-in  i not  (Stint nt  i i-i  tr-i  13-in  (Not  (lima  NUHI 
net  icuttPint  p"-i  n  *«  ««n  u/ 

!  14.  t)-2  'St in  sens' 

using  (Stiiern  u-i  u-i  u-i  Stim  act)  li-ii 

insisting  (NOT  (1113  13-111  12/ 

■  is.  12-2  'stm  stm* 

USING  (Stiffen  ll-l  12-1  13-1  SIIHI  (UT2L2-II 
INSISTING  (NOT  art)  12-111  sstl/ 

(  is.  u-3  'stm  stm' 

USING  (StllWtH  U-I  L2-I  L3-I  sum  am  U-II 
INSISTING  (NOT  am  LI-IM  t4S4f3S3riS3S3»SlS4PSSSS*SS 


top  icwi  nsstst  iPt$p  posi 
insisting  (stsponsi  pop  p  o  pi  pi/ 

I  |7  P1-I  'PtPl*  «BS' 

USING  IPISPTNSI  POP  ►  0  PI  (OlOClttPIPU  H  H  HI  (CUtPPOO  PH-II 

iNsrsmo  istiimm  >»  ««  «« tun  (■cotocu  ph-i  p  o  s>  icuttPiPii  sn-i  «»  h  hi 

( PI  SI  I  (VOL  0  »  I  (NOT  laOCUltPIPll  H  H  till  (NOT  I  CULPS®  PH-1  II  SSt!l2 
C3C4CI/ 

•  IB.  Cl-l  'C N  Cll' 

USING  (POOTOCUt  PH- 1  P  0  »l  (CUttPIPlt  PH  )  H  H  HI 
IPNSCUt  PH- 1  (fa  PH- 1  >•  H  HI)  (SMSlima  *1-l  (Mil 
SCPPNS 
PH- 1  '  Ntl  ' 

lms  am  vi i  inot  it  vim 

«hb  <t«isis  tt>  (titto  iguou  P"-n)  (insa  iguott  twin  am  cn  ip cii 
(CUttPIPlt  lOUJtt  PH  I)  Cl  louott  HI  (OUO’C  HU 
HOPS  VI 

INSIST  lie  IPfPPMSP  PH- 1 1  IPMSCUt  PH- 1  (Cut  PH*  |  P  II  HI) 

inot  (pootacic  ph- i  p  o  si  i  <Not  (PHScut  m-i  icut  ph-i  h  h  mu  cjcisi 
S2S2S)S3«S4S4i<SSSSaSSS7CIPV  2t  3SSP/ 

I  19.  »S»-I  '*t  StIH-' 

using  iststiimno  t* i 

iNsrstiNC  (ststin  »i  net  ipcsriita.0  ooi  ss/ 


INSISTING  INOT  IStlIBCIBtn  OKU  (NOT  IITIIMK  HUH  OJCM  Ptt-ltlPH-1/ 

•  22.  PH-l-3  *Ntf 
USING  ILCII  Ll-D 

iNsfpi ing  tsiPto  ph-ii  iima  tun  am  ci-ii  is  ci-n 

ICUCISIPlt  PH- 1  Cl-I  H  HI  tit 

i  23  rr-3  'sun  fist* 

using  uiko  ph-ii  istitt*  u-i  u-i  Li-i)  nma  NUHI 
(CUttPIPlt  PH-I  Cl-l  H  Hi 

INSISTING  ISI|i*tH  U-I  12-1  is-l  StlHI  (OLOCUttSIPLC  Cl-l  IK  HI  (CUT’  ' 
(N01  ItlPCO  PH-I  II  (NOT  (Stint*  Ll-l  L2-I  L3-III  (NOT  (lima  NUHI) 

(NOt  (CUtIPIPll  PH-I  Cl-l  H  SIM  1411/ 

!  2«.  13-3  'Stinpcm* 

USING  1ST  listH  ll-l  12-1  13-1  stint  (Lit)  Ll-l  I 
INSCSTING  (NOT  (1113  ll-l M  tit 

•  IS  12-3  *st|n  PCH2* 

USING  (StllPCH  ll-l  12-1  13-1  mm  (l Vi  L2-1I 
INSISTING  (NOT  11112  12-111  tl/ 

I  2S.  II-1  'SlIHPChl* 

USING  ISTITFIH  Ll-l  12-1  L3-1  sum  (1(11  LI-II 
INSISTING  (NOT  (1(11  ll-IM  PSPtr JP3PN-IPH-]/ 

>  27.  Pn-l-i  *Ntt' 

using  am  ci-i » 

insiptinc.  irirto  ph-ii  uma  nuhi  am  ti-21  ip  ci-ii 

ICUCIPIfir  PH-I  CI-2  H  H)  F2FJ/ 

•  2«.  rs-2  'cut  risr 

using  niPto  ph  ii  1  cutpsoo  ph-ii  (OLOcatsiPit  ci-i  n  hi 

(tUtlPIPU  PH-I  C I  -  2  II  HI  lima  NUHI 

insist  lie  isnmtH  ti  2  n  h  kpii  istimtn  ci-i  1*  11  cuci  istPti  nipii 

(PtPlYPPOD  PH-II  ICUtlPIPlt  m-l  tl-l  II  HI  INOT  IflttO  PH-lll 

inot  laHuuPiPU  ci-i  11  mi  (Not  icarsipu  m-i  ci-i  n  nu 

(NOT  lima  NUHI  I  C4C3C21I/ 

•29  tl-S  'STIHPtni' 

using  (sumiH  ci-i  n  n  cm  am  ci-ii 

iNsmiNc  (ndi  am  ci-im 

•  m.  ti-s  "St in  Ptni' 

using  isnmtn  ci-2  h  11  nun  am  ei-n 

IN5CITING  INOT  IIC11  CI-2II  SSSWII/ 

131.  SIP-2  '»CM  PtSP' 

USUft  (PIPIT  NIHI  (ClOPtSP  POP  P  0  SI 

INSISTING  (PISPONSC  POP  P  0  SI  INOT  IOLO*CSP  POS  P  0  SI)  W/BI/*!/ 

•  32  PI-1  •pipit  mow 

USING  IPISPONV  PW  P  0  PI  IS1PII  NIKI  I  CUtPPOO  PH-II  (PtSlTTPOO  PH-II 

ICUtTPIH  PH-I  Cl-l  II  HI 

INSISTING  (COimnTTtST  P  N  CI-II  ICOtfNItttSt  »  H  II)  IC0>*«1TfST  0  U  II) 
(COmsiPOSH  PH-I  POP  P  0  s  PH-I)  (NOt  (PIPIT  Nunn  (NOt  (CUPPOD  PH-lll 
(NOT  (PtPltPPOO  PH-IM  Pi/ 

•  33.  P»  l  'CdTHI  t-' 

USING  ICOPPdlUST  P  N  CI-II 

INSIP1ING  iCOrm«Ti€G  Cl-l)  (NOT  ICOmPMCSf  P  N  CI-III  MK«9/ 

!  31.  P9-I  'COmHI  -• 

USINC  (COrPWNCG  Cl-M  (COmm'POS*  PH-I  POP  P  0  P  »H-|I  (StlHUOPO  P  n  nt 
INSISTING  (IlTINnSPS  PH  I  CHMO  S  «  HI  ICHINDStlH  PH-I)  IPISTIH  QCI 

ictoctsiiH  ti  iposspootacuc  u  n  h  hi  inot  (CLsmticc  ci-im 

INOT  (COTHTPOS*  PH-I  POP  P  0  S  PH-IM  C4/ 

•  35.  C4-I  'UT  IS  NCG* 

USING  ItlTINOlSPS  PH-|  CLHNO  P  •  HI  (LMSTCPH  PH-I  KNOT  IP  UIMI  NCG  |l 
INSISTING  (SPUTPPtP  PH-I  (S  VII  ICC  OUPO  I) 

■  NOT  KHtNOLSPS  PH-I  OlfM)  S  N  mi  S3/S3*/S4/S4N/9S/SSM/W/t7/ 


111-31 


c. 


c. 


liliiW  Inn  m  T«) 


I  K.  $?-l  *SRl!T  fffftff  S2* 

usimc  <srutrrer  rh-i  <*  vn  ag  cumo  n  inicASTin  m-n 
erhscue  m-i  (cut  m-i  r  xx  nu  (Resremst 
jMsrvrjNC  (SRljtrrod  pn-i  (ff  vn  kc  oimo  (R  xv  nt  in  nr  nu 

CNDT  ISRlITfffftR  MI-1  Iff  VI)  Ntc  AMD  in  (NOT  (ElHASUn  NHM  12 /SI/ 

I  1?.  SI-1  •SPIIT  ffffOD  NTC* 

USING  (SfflirffffOO  MI-1  Iff  vn  Ntc  AMO  fff  n  (VI  uv  nr  «n 

(LATER*  R*-|  (iNOt  ir  VI 1 1 1  NIC  |>  (IHSPREL  MI-1  IliCTI  Vim  (UtfTAllMHI 
(•ACUC  Ml- 1  (Cut  MI-1  ff  XX  (It)  (Mftima  MI-1  lull 
IffOSSNOOTOCUt  II  H  IX  HI 
AORROO 
Ml- 2  *  Nt  T  • 

LHS  atTI  V|l  (NOT  If  V|ll  (NOT  (•  VIII 
ffNS  criMO  (Quote  PN-2H  timcc  (QUOTE  NUmi 

(CUETRJR.E  (QUOTE  RN-2)  (QUOTE  Nil  (QUOTE  III  (QUOTE  nil 
Uftff*  VI 
RCRRROD 
MI-1  •  NET  • 

IMS  (LET!  Vll  (ff  VII 

ffMS  (EXISTS  Cl)  (flffCO  (QUOTE  Ml-lll  (ItWCE  (QUOTE  OUNOU  IllTI  Cil  (R  Cll 
(CUEIRIRIE  (QUOTE  Ml-n  Cl  (QUOTE  III  (QUOTE  Kill 
IMPS  VI 

INSERTING  (AOOPROOR  RN-2)  (LATER*  MI-2  (INOt  IP  VIII  (NOT  (ff  VI) I)  NIC  11 
(LMSPPEL  RN-2  KLfT|  V|  II  l  (PHSItVCE  PN-2  A*) 

(RMSCUE  PN-2  (CUE  RN-2  KI  IK  Mil  rPfPPRODP  MI-11 
(t  MS  T  EMI  fffl- 1  (Iff  V|  ))  POS  |)  (INSTNEM  PN-2) 

(NOT  (SM.ITM>00  Ml- 1  l«  V|  )  NEC  AMMO  Iff  KK  IKI  (IK  KK  Kflll 
(NOT  HATER*  Ml- 1  UNOT  ir  V|  )  1 1  NIC  |M  (NOT  HffSTAU  PH-ll) 

(NO?  (PWSCUT  fffl-1  (CUT  RW'I  P  V(  XV)))  JNOI  l*N5I*Al  MI-1  NIMH 
(NOT  (PtJSSWTOCUE  IX  XX  XX  lilt  (PHSCUE  Ml-|  (CUE  MI-1  P  XI  ill) 

(RMSIPVCE  Mi  l  AffMO)  S2SlC6C?CSCSC4CIC2t 3R2S3$3ft$4t4<«SSSffStS7ffS/ 

f  36  ffS-2  'PE  STIfC 

USING  (KSTin  C*l  (STIf^EPI  tl-1  12-1  13-1  SUHl  ICUETRIHC  R*-l  Cl-I  n  XX) 
t RESPONSE  POP  P  0  Rl 

INSERTING  (SUPfflMPin  Oil  llCTl  U-D  UET2  L2-II  HCT3  LI-I) 

(STJMCiffC  ll-l  12-|  13-n  (OLOPES P  POP  P  0  P)  (AT  (PESTJH  All 
(NOT  (ST I Ll-l  12-1  13-1  SUHl)  (NOT  (CUCTRIPLE  P*-l  CI-|  XI  Kill 
(NOT  IPESPONSC  POP  P  0  PI)  C4/ 

(  39.  E4-2  -snn  Pin  Pin* 

USIMC  (STIfMCfMC*  (SUM**  Cl-l  XX  xx  CUE) 

INSERTING  (NOT  (ST|ff»EW*n  All  (NOT  (STlfFtn  d"l  «  XX  CUCII 

•  40.  E4-3  -STIN  PE*  PEN- 

USING  (SUfMEnffE"  A  »  (STlffflM  Cl -2  XX  XX  Af1> 

WARNING  (A)  NOT  UNDER  STIfTCrWC*  •- 

INSERTING  (NOT  'SMfVtnffin  A))  (NOT  (STIPfftn  CI-2  X*  II  AMD  ElMhlMM/ 

•  41.  m-l-S  ’NET* 

USfNG  (UT|  ll-I)  (ff  tl-| ) 

INSERTING  (TIRED  PM- 1 1  (|P*GE  AMNO)  (LEU  Cl-3)  (R  CI-31 
(CUCTR1M.E  RM-i  Cl-3  xx  ill  fVZt 

•  42.  T?  -4  *ST IN  PIPE* 

USING  (TIPEO  Pn-| )  (STtfCMC  Ll-l  12-1  L3-D  (IHAE  AMNO) 

(CUETRJPIE  PM- 1  Cl-3  xx  xx) 

INSERTING  (STjr^tn  Ll-l  12-1  13-1  $T|*I  (AOCUEIfflMC  Cl-3  XX  XX)  (CUEPffOO  PM-I I 
(AT  (flPEO  PH- 1  » I  (NOT  (STlfCMf  Ll-l  L2- 1  L3-III  (NOT  <|f«GC  OAMDD 
«AT  (CUE TRIPLE  RM-I  Cl-3  XX  XXI)  »S£2/ 

!  43.  C2-4  -sun  PER¬ 

USING  (STlrPtn  ll-l  12-1  13-1  STim  ILCT2  L2-D 
INSETTING  (NOT  UCT2  12-IH  £3/ 

•  44  T3-4  -STIfl  PER* 

USING  (STIPPtn  Ll-l  L2-1  13-1  ST|m  ( Lt T 3  L3-|) 

INSERTING  (NOT  • L C T 3  L 3- 1 » I  Cl/ 

•  4S  CI-7  "STEM  Rtm* 

USING  (STIfPCn  Ll-l  L2-1  L3-I  STIMI  (LEU  ll-ll 
INSERTING  (NOT  Hill  ll-III  C4R4f JR3PN-?/ 

•  4S-  PN-2-1  •NET* 

USING  atTI  Cl-3) 

INSERTING  (f  IPEO  RN-21  ( IMAGE  NUPU  (OJETRIPU  PN-2  XI  XI  XI)  f2M/ 
t  47.  rj-3  -CUE  v IRC* 

USING  (flPEO  rN-2)  (CUCPROO  Rfl-ll  fOLOCUITPIPU  Cl-3  XI  IX) 

CCUCTRIPIE  PN-2  X«  II  III  (|f*CE  ARU 
INSETTING  lST|rPt»  »X  XV  If  Af*>  (STIffff*  Cl-J  n  VX  Cllt)  l  REPLY  AM) 

(RtRLTPROD  PN-2)  (CUETRIPIC  Pn-1  Cl-J  XI  IX)  (NOT  IflAD  PN-2)I 


(NOT  l  QLOCUt  TRIPLE  Cl-J  XX  nil  (NOT  (CUE  TV  I  MX  RN-2  0  0  0)1 
(NOT  f!»WGE  WJM)  RSEI/ 

!  4ff.  (1-ff  *STIN  PEHI* 

USING  (STUPCN  Cl-3  xx  XI  CUE)  <l(TI  CM) 

INSERTING  (NOT  (ICT1  Cl-3))  (K2C4ff2R*IO/ 

t  4f.  flff-l  *R|N  RESR* 

USING  (PEPLV  AM)  (AORESP  MJ»  R  0  Rl 

INSERTING  (RESPONSE  POP  R  0  »■  (NOT  (OLOffEOR  R0»  R  0  Nil  r|ffSN|/N3/ 

I  SO-  13  2  *REPLT  WRONG* 

USING  (RESPONSE  ROR  P  0  Rl  (REPLY  AM)  (CUCPROO  MM)  (NERLYRVQO  RN-2) 

(CUCTRIM.E  M»-l  Cl-3  XI  IX) 

MANIA  IIH  XX)  A*E POT  1M0CV  COrPATTCST 
MANIA  lOUin  *1*1 POT  INDCR  CVANTTCST 

INSERT) A  (COTARTTEST  R  N  Cl-J)  (CO^RTTCST  ff  H  XI)  (CQ^AT TEST  0  U  XX) 
(COTAAIPOSA  RN-2  POP  P  0  *  PN-1)  (AT  (RE PIT  AM))  (AT  (CUE PROD  PM- ft  I  • 

(A?  (REPLTTffOO  PN-2))  99/97/ 

»  SI.  R7-I  *COrPRT  T** 

USIA  (COfPPTTCST  0  U  XX) 

INSERTIA  (COPAPTROS  id  (AT  (COrPRTTEST  0  U  nil 

•  S2  R7-2  *EAfAT  T** 

USIA  (COrTPUfsT  R  n  xn 

MANIA  (XX)  ARC  AT  (MOfR  COTARTPOS  >• 

INSERTIA  ICOTPRIPOS  Id  (AT  (CWARTTCSI  ff  N  XX))  RfEA/RTN/ 

•  S3  R?R-)  *COrTRT  T*«* 

USIA  (COrARfftSl  P  N  Cl-3)  (XOEXSTIN  Rl 

INSERTIA  (COTTRIPOS  Cl  |»  (AT  (CtRPRTTCST  R  N  C|-J>>  KfCA/ 

?  S4.  PC- 1  'COTART  «• 

USIA  (COrARTPOS  Cl-3)  (CVARTPOSR  PN-2  ROR  R  0  ff  RN-D 
INS1RUA  (CdfALSPS  PN-2  POP  R  0  Rl  (POSSAOTOCUE  RH-I  R  0  ff)  (ffERLY  (XI 
(AT  (CVARTRQS  Cl* 3 > >  (AT  (CtRARTPOSA  RN-2  RON  ROR  RM-I))  CS/C7/CS/CS/C4/ 

•  SS  -C4-2  *C1T  IS  AC* 

USIA  UiH¥XSP$  PN  7  POR  P  0  Rl 

(l)GT(ffn  PN-2  hat  (T  V in  (AT  (•  Vim  AC  1) 

IAIPT1A  (SPLITPMP  PN  2  (P  VD  AC  POP  1)  I  AT  f(KT(NDLSffS  RN-2  PQff  R  0  Rl) 
SCSSA/SS/S4R/S4/S3R/S3/ 

I  S6  53-1  * SPLIT  PPf P  1* 

USIA  (SPLITPMP  PN  2  «P  VP  AC  POR  I)  (STIftJORD  ff  ff  HI  (RESPONSE  ROff  R  0  Rl 
(RM5CUC  PN-7  (CUE  PN  ?  XX  XX  Id) 

INSIPT1A  (SPltTPffOD  PN-2  (P  VI)  AC  RCA  (XX  XX  XX)  in  XX  XX)) 

(AT  (SPLITPRCP  PN-2  (P  Vll  AG  ROR  III  SI7 

IS?.  SI-2  'SPLIT  PROO  AC* 

USIA  (SPUTPROO  PN-2  (P  VI)  AC  POR  (XX  XX  XX)  (XI  XX  XXII 
(IXURN  PN-2  ( (AT  (T  Vll)  (AT  (ff  V|)))  AC  I)  (LHSRREL  RN-2  ((LCT1  VI))) 
(IASTAU  PN-2)  (PMSCUC  PN-2  (CUE  RN-2  XX  XX  XXII  (RHSUMGC  RN-2  AM) 
(POSSAOTOCA  Pn-|  POR) 

ROOPRCO 
PN-3  *  AT  * 

IMS  HIT!  Vi)  (AT  if  VDI  (AT  (R  VI II  (AT  (R  V!)» 

RWS  (f|P|0  (QUOTC  PN-3))  (irwa  lOUOTI  AMU 
(CUTPIME  (QUOTC  PN-3)  (QUOTE  XV)  (QUOTE  XX)  (QUOTE  nil 
VPRS  VI 
MPPROO 
PN-2  *  AT  * 
la  din  vn  (p  vn 

RMS  IMPED  (QUOTE  PN-2))  UNAC  (QUOTE  PORI) 

(CATPIMC  (QUOTE  PN-2)  (QUOTE  XI)  (QUOTE  XI)  (QUOTE  nil 
VMS  VI 

INSERTIA  (flOOTffODP  PN-3» 

HATERn  PN-3  MAT  ff  VIM  (AT  (R  VDI  (AT  <R  V|)l)  AC  II 

(lmspwl  pn-3  men  vim  (paimce  pn-3  mimi 

(PHSCUE  PN-3  (CUE  PN-3  VI  VV  ID)  (APRPODR  RN-7) 

UMSTCMt  PN-7  (IP  VI* l  POS  n  (LffSTAU  RN-3) 

(AT  (SPLlfPR®  PN-2  (R  VI)  AC  ROR  (XX  XX  XI)  (XX  XX  XX))) 

(AT  dMSTCP"  PN-2  ((AT  tr  vm  (AT  tff  VDI)  AC  1)1  (AT  (lff$TAW  RN-2)) 
(AT  (PHSCUE  PN-2  (CUE  PN-2  XX  IV  XXII)  (AT  (RMSIfMCC  RN-2  AMI) 

(AT  IPOSVWOCUC  PtVI  POP))  (PHSCUE  RN-2  (CUE  RN-2  XX  XX  XX U 

IRMSiwa  PN-2  POffl  S2SICK?CSCSC4CIC2CJR2SK3ffS4S4PSSSSRSCS?ffl/RSffl(W4f 2f  3 

AORPOOR  (PN-2)  (PN-3) 

RE  PR*  OCX1  (Pfl-ll  (M(-2) 

aprmsr  (Pn-n 


AM.T  («) 


I  pm 


DtU'M  Tr«c»  to  Tlm-#ir  Tnl 


C 


smo  pn-i  pn-z  pn-i  m-i 


»  is.  rz-s  •sun  pipe* 

U5INC  (USED  PN-2)  (STIfCMC  LI-1  IZ-l  L3-l>  UfWCE  PO*) 

ccuctpiple  pn-2  ci-i  w  xxi 

INSISTING  (STIfPEN  LI  - 1  tz-i  13*1  SUm  (DLOCUC  TRIPLE  CI-I  «  «>  (CUtPROD  I 
(NOT  irirco  PN-2))  (NOT  (STIfCMC  LI-1  LZ-I  13-1)1  I  NOT  (IfWOC  mil 

inot  (cuctriplc  pn-2  ci-i  ix  mu  ei/ 


TCP  LEI*L  ASSERT  (STIfl  PCr) 

INSERTING  CUTI  U-D  (P  ll-U  (lt?2  LZ-II  <C  IZ*H  (LET!  ll*|l  IK  U-l) 
ist  mcmc  li-i  12-j  Li-n  isiifupo  pen  ph-ieipn-ipn-2/ 

•  SO  PN-2-2  ’NET’ 

USING  €LC T|  U-|»  IP  L1-|) 

INSERTING  (PIPED  PN-2)  OfMGE  POP)  (CUETPIPLE  PN-2  XI  M  Mil  TVlt 


!  S3.  rz-s  "STin  pipe* 

USING  criPCO  PN-2)  (STIfCMC  l|-|  12-1  13-1)  I IIWGC  POP) 

ICUETPIPLE  PN-2  **  *X  IV) 

INSERTING  (ST|rf>t«  U-l  12-1  13-1  ST|PI  rOLDCUCTPiaC  II  II  Ml  (CUEPROO  I 
INOT  IflPCO  PN-2 ) )  INOT  (STIfCMC  U-l  12*1  LJ-IU  INOT  (|WGC  POPlI 
(NOT  (CUETPIPLE  PN-2  XI  XI  III)  C2/ 


I  7®.  11-10  ’SUM  PfN|- 

USING  (STITCH  u-l  12-1  U-l  stlffl  OCTI  U-l) 

INSERTING  (NOT  ll£T|  U-|>!  (3/ 

!  7|.  E3-6  *ST|H  NW 

USING  IST  WH  LI-I  12*1  U-l  STim  HITS  L3-I) 

INSERTING  (NOT  ILIT3U-I))  12/ 

I  72.  tZ-S  ’SUN  PEH2’ 

USING  ISIIIfl"  ll-l  12-1  L3- 1  STim  ILET2  L2-I) 

INSERTING  (NOT  IIU2  12*1  n  PSt4MrjPpn-lPN-lPN-J/ 

*  73  PN-3-1  ’NET- 

USING  ucri  ci-i) 

INSERTING  iriPEO  PN-3)  I IffACE  NLPO  (CUETPIPLE  PN-1  XI  XI  XX) 


•  60  12-S  ’STIN  Pfn?’ 

USING  (STlfPCn  U-l  L2-1  L 3* 
INSIPTING  (NOT  d£T2  L2-III 


sum  c  le  t 2  i2- 
£3/ 


!  61.  f 3-5  ’ST|«  Pfn|- 

USING  1ST  irpfn  u-l  L2-1  13-1  STim  UET3  13-1) 

INSCPT1NG  (NOT  (LE13L3-D)  PSil/ 


«  74.  P3-4  ’WE  r|Pf’ 

USING  triPCO  PN-3)  (IJFPPOD  PN-2)  (OLOCUE  TRIPLE  CI-I  XV  XI) 

(CUE  TRIPLE  PN-3  XI  II  /I)  IJfRCE  MJH) 

INSIPTING  (SUffttn  xi  il  n  0W>  ISUPSEN  CI-I  IK  XI  CUE)  IPER.Y  NIP) 
(PEPUFROD  PN-3)  (CUETrint  PN-2  CI-I  IX  XXI  (NOT  (PIPED  PN-3) ) 

(NOT  (OLOCUCTP)PiC  CI-I  ll  XXM  (NOT  (CUETPIPLE  PN-3  XV  XX  XXI) 

(NOT  1 1  WGt  NUni)  E4EI/ 


•  62.  El-3  ’STIrt  Ptm* 

USING  (STirPfH  U-l  12-|  L3- 1  STjm  (LEM  Ll-D 
INSIPTING  (NOT  (LEU  U-l  II  E4P4P3PF IP9SSAS5S4«5«S3AS3 


•  7S.  11*11  ’STIH  P|NI* 

USING  ($?IW1  CI-I  *X  *X  CUE)  (tCT|  CI-I 7 
INSIPTING  (NOT  (ICTI  Cl*  I))  EF2PSRI0/ 


•  76  PI0-4  ’PEM  PfS P’ 

USING  iPfPLY  NUT1)  (OUMSP  NN1  I  *  11 

INSIPTING  (RESPONSE  NAM  N  A  Ml  (NOT  (OLDPESP  NW1  N  A  ft)> 


TOP  LCV*t  ASSERT  (PES P  N*l) 

INSIPTING  (PISPONST  NAN  NAN)  S7S6P2PSP fRJPf P4/ 

•  63.  P4-2  ’ PE PL T  AOS’ 

ustnc  fPCSPONST  mm  Ham  (aocucTPinE  *i  11  in  icuippoo  pn-?i 

INSIPTING  (STIff^M  II  IX  XX  CUE  1  (A001XUE  PN-2  H  *  ft!  <CUTPJPll  PN-2  II  «  II) 
(PESTirtCtO  ON)  (NOT  laOCUETPIPU  XI  IV  III)  (NOT  (CUEPPOO  PN-2))  (4PSE2 
EJEIC3/C2/CI/ 

t  64.  C 1-2  ’CM  CUE’ 

USING  (POOTOCUC  PN-2  N  A  fit  ICUETPIPLE  PN-2  l«  II  XX) 

(PMSCUC  PN-2  (CUE  PN-2  XX  XX  XX))  'PHSIWCC  PN-2  POP) 

PEPPMS 

PN-2  ’  NIT  ’ 

lhs  (lcti  vi  >  (p  vi) 

RMS  (EXISTS  Cl)  »riPEO  (OUOTE  PN-211  (IMAGE  (QUO ’t  P0PU  (LEU  CD  (NCI) 
(CUETPIPLE  (QUOTE  PN-2)  Cl  (QUOTC  XXI  (QUOTE  XXI) 

WAPS  VI 

INSERTING  (PEPPMSP  PN-2)  IPH5CUE  PN-2  (CUE  PN-2  N  XI  XXI) 

(NOT  (POOTOCUE  PN-2  Nahii  (NOT  (PMSCUE  PN-2  (CUE  PN-2  XI  II  If)))  C1CJC2 
S2SIP2S3S3AS4S4(6SSSAS6S^2)  3PJPSA/ 

»  6S-  PSA-2  ’PE  STIfl-* 

USING  (PESUfMX  0  (P  » 

ins4.pt ini.  (Pcsun  (»>  inot  ipestuklo  oku  ps/ 

»  66.  PS-3  ’PE  STIfl* 

USING  (PESTIfl  (*)  (ST|f*fM  l  l-l  L2-|  L3-I  SUN)  (CUETPIPLE  PN-2  ft  it  IX) 
(PESPONSf  M>*1  N  A  fll 

INSERT |NG  1ST  |(P|  rPEfl  » )  U|T|  Ll-l  X  UET2  17  1)  ILH3  U  1 ) 

ISTinCf^  U-l  L2-I  L3-D  (CLOPESP  Nflfl  N  A  d)  (NOT  (PESTJH  ®)l 
(NOT  1ST  insert  U-l  L2-1  L3-I  ST|HI)  (NOT  (CUETP|»\E  PN-2  II  II  IXM 
INOT  (PESPONSf  MWl  N  A  fill  £4/ 


•  67.  £4-4  ’STIfl  Pin  PEN* 

USING  IST|f*ff«En  (Pi  ISTimn  xi  IX  IV  CUE) 

INSEPTING  (NOT  iSUfffCflPtn  CP  n  (NOT  l$T|f«f|n  xi  ll  XI  CUE) I 
PN-2/ 

•  60  PN-2- 3  ’NIT* 

USING  IlfTl  U-|  i  IP  U-ll 

INSERTING  (EIPEO  PN-2)  Mf \YX  POP)  (LEU  CM)  (N  CI-I) 
(CUETPIPLE  PN-2  CI-I  IX  XII  72/ 


pn-j/pn-iciptm 


•  77.  P3-3  *  PE  Pi  I  W?WG’ 

USI»C  (PESPONSf  urn  N  A  fll  IPEPLT  Nlft)  (CUEPPOO  PN-2 1  (PE^-YPPOO  PN-3) 

(CUETPJPlE  PN-2  CM  IX  XI) 

INSIPTING  (COKPATTEST  N  N  CI-1)  (COfPATTEST  fl  «  M)  (COfTATTEST  A  U  XV) 
(COrTATPOSA  PN-3  N*1  N  A  n  PN-2)  (NOT  (PCPU  HMD)  (NOT  (CUEPPOO  PN-ZI) 

(NOT  (ftPlYPPOO  PN-3D  P3/P7C/ 

•  70.  P?C-I  •COfToT  T  «’ 

USING  ((WATICST  N  N  Cl-P 

INSEPTING  (COrfATPOS  CI-I)  (NOT  (COfFATTIST  N  N  CM) I  0S/PSCR7/ 

!  73  P7* 3  ’COTtNlT  T»* 

USING  (COrTAlliST  A  U  x») 

INSIPTING  (CTX^ATPOS  IX)  (NOT  (COfFATTEST  A  U  XXI) 

!  ee.  P7-4  ’(WAT  !♦’ 

using  (COffN»rrfST  n  n  id 

U«PN!NG  (II)  AlPEfiOT  UNOEP  COft^TPOS  •« 

INSERTING  (COf^ATPOS  ID  (NOT  (COffAUCST  fl  n  XXI)  «$/ 

•  91.  P6-2  ’COff»AT  •• 

USING  IC0NPA1P0S  n »  (COnPATPOSA  PN-3  NAN  N  A  fl  PN-2) 

INSEPTING  (UTfNCXSPS  PN-3  NAP  N  A  m  ( POSSAOOTOCUE  PN-2  N  A  fl)  (REPLY  OP) 

(NOT  (C0rf*TPOS  nil  (NOT  ICOfTATPOSA  PN-3  NAfl  NAM  PN-211  CS/C6/C7/C0/C4/ 

•  92.  C4-3  ’tit  IS  NIG* 

USING  (FiTINDUPS  PN-3  **  N  A  fll 

UN5UPN  PN*3  ( ( NOT  If  v|  I)  (NOT  (•  VIM  (NOT  IP  Vlll)  NEC  I) 

INSERTING  ISPUTPPIP  PN-3  (N  VI )  NEC  NNf  1 )  (NOT  (EUCNDLSPS  PN-3  NN1  N  A  fill 
S7S»/S4 /S4A/SS/SSA/S6S3/ 

•  93.  S3-?  ’SPLIT  PPEP  I’ 

USING  f  SPL I  TPP|P  PN-3  (N  VI )  NIC  N*N  D  (STfffCPO  MU  (RESPONSE  W*  N  A  HI 
(PMSCIE  PN-3  (CUE  7N- 3  II  l»  HD 
INSERTING  (S*UTfrOD  PN-3  (N  V|l  NIG  NW1  (IX  XX  XXI  (XI  XX  XXI) 

(NOT  (SPUT7PCP  PN-3  ( N  VI I  NIC  NV1  1 1 )  SI/ 

1  94.  Sl-J  ’SPLIT  PROD  NEC’ 

USING  (SPLIT PROD  PN-3  >N  V|  I  NEC  **V1  (XX  XV  XV)  (XV  VI  XVI) 

(IHSHRN  PN-3  ((NOT  If  VII)  (NOT  IP  V|)t  (NOT  (P  VI)))  NIG  II 

(IWSPPfl  PN-3  (ILETI  Villi  (lASTNEU  PN-3)  (PMSCUE  PN-3  (CUE  PN-I  XI  XX  III) 

(PMSIfWCt  PN  J  NUT)  (POSSPOOTOCUt  PN-2  N  A  fll 


111-99 


C 


DiUiM  frtc*  m  Ti ?m( 


LMS  (UTt  VI)  (NOT  <f  U|))  (NOT  (*  VI  >1  (NOT  (P  VIM  (NOT  IN  VJ )  I 
*MS  (PIPED  (QUOTE  PN-41)  (JMACE  (QUOTE  WfVM 

(CUETPIPLC  (OUOTC  PN-41  (OUOTC  XI)  (QUOTE  VII  (QUOTE  Kill 

VARS  VI 

PH-3  *  NET  • 

LH5  (LED  VII  (N  V|» 

«ms  triPto  (Quote  pn-jii  (image  (quote  mwit 

(CUETNIPIC  (OUOTC  PN-3)  (QUOTE  XXI  (QUOTE  XI)  (OUOTt  KID 
VMS  VI 

INSERTING  (AOOPPOOP  PH-4) 

(IHSTCPn  PH-4  ((NOT  (F  01)1  (NOT  IP  01)1  (NOT  (P  01)1  (NOT  (M  V|)tl  (CO  11 
ICMSPPEL  PH-4  IUCT|  01)11  (PHSIWCC  PH-4  NUHI 
(PWSCUE  PH-4  (CUE  PH-4  IX  XI  111)  (PEPPPCDP  PH-3) 

<1  MS U PM  PH-3  (IN  VIII  PCS  1 1  (LASTNtU  PH-41 

(HOT  (SPUTPPOO  PH-3  (N  VI )  NCC  NAN  (X*  U  XXI  (XX  XX  XXII) 

(HOT  (IMSTCPM  PH-3  ((NOT  <F  VIM  (NOT  (P  Will  (NOT  (P  VJUI  NEC  1)1 
(NOT  UPSTNIU  PN-3 ))  (NOT  (PMSCUE  PN-3  (OJC  PH-3  XX  XX  XXII) 

(NOT  (PMS1MPGC  PN-3  WfTM  (NOT  (POSSAOOTOCUC  PH-2  N  A  Ml) 

(PMSCUE  PH-3  (CUE  PH-3  XX  XX  XXI)  (RM51MACE  PH-3  IWNI  S2S1C9C7CSCSC4C1C2CJP2 
S3S3AS4S4RSSSSA56S?IM /P3PI 0P4PST 1F2T  3 

AOOPPOOP  (PH-41 
PEPPPOOP  (PH-3) 

REPHHSP  (PH-2) 


m  (rvcE.ruu.li  (t(4p  .  idji  uao  ion  .  imi 


•acts  lopops  (CP«fl  .  exp)  icPAnsfi  .  mac i  epwc  imi  imcirTv  srrxtMPTr  vph(pty 
•mm  smcrrrv  smim 


iri-l  PN-I-I  rz-l  El-1  C3-I  E2-1  PM-I-I  P3-1  11-2  *10-1  *2-1  PM- 1-2  F2-2  El-2 
C2-2  El-3  P4-|  Cl-I  PSA-1  PS-1  14-1  PM- 1-J  F2-3  13-3  E2-3  Cl-4  PM- 1-4  F3-2 
Cl-S  Cl-S  HP-2  Vl-I  P8-1  *S-1  C1-I  S7-1  SI-!  «M  C4-2  C4-3  PM-l-S  f2-4  E2-4 
E3-4  CI-2  PH-2-:  F3-3  Cl-t  *10-3  *3-2  *7-|  *7-2  V7A-1  K-l  C<-2  S3-I  $1-2 
PH-2-2  F2-S  C2-S  U  S  tl-S  V4-2  Cl-2  PSA- 2  VS-3  14-4  PH-2-3  f2  S  Cf-IO  E3-S 
U-«  PH-3-1  PI-4  EMI  »lf-4  *3-1  »7C-1  *7-3  *7-4  *0-2  C4-3  $3*2  Sl-|l 

ri*co  2t  our  or  4«  poods 

(SAWS  EPANKI 

aosco  (EPAii  .  cxpi 
taosco  (Cpakii  .  otsn 


SECOND  SEC  Or  TIHCC  PA  IPS 


SMX.0  PN-4  PH-3  PH-2  PH-1  PM-1 


TOP  LEVEL  ASSEPT  NIL 

PH-1  *  MET  • 

LHS  (LEU  VI)  (F  VI) 

VMS  (EXISTS  CD  IMPED  (QUOTE  PH-l)l  (IMAGE  (QUOTE  DLMNO))  (LET!  CD  (N  Cl) 
(CUCTP1PLC  (QUOTE  PN-I)  Cl  (QUOTE  XX)  (QUOTE  XI)) 

VARS  VJ 
PM- 1  -  NET  • 

LMS  IlCTl  VI)  ( P.  VJ) 

PHS  (EXISTS  Cl  1  (EIPCO  (QUOTE  PM-p)  (IMAGE  (QUOTE  OlMNOl)  (ICTl  Cl)  IP  Cl) 
(CUETPJPIC  (QUOTE  PM-1 1  Cl  (OUOTC  XX)  (QUOTE  XII) 

VARS  VI 
PH-2  •  MET  * 

LMS  (ICTl  VI)  (P  VP 

fws  frxists  cn  (ripro  <ouote  ph-2»i  t image  (quote  popd  ileti  cd  cncii 

(CUETPIPLC  (QUOTE  PH-2)  Cl  (QUOTE  XX)  (QUOTE  XXI) 

WAPS  VI 
PH-3  *  NET  • 

IMS  (LET)  VI)  (H  VP 

*M5  criPEO  (QUOTE  PH- 311  C  IMAGE  (QUOTE  HAMM 

(CUETP)Pir  (QUOTE  PH-3)  (QUOTE  III  (QUOTE  XI)  (QUOTE  XII! 

VAPS  VI 
PH-4  •  NET  • 

LMS  (ICTl  VI)  (MOT  XT  VI II  (MOT  (P  V|ll  (MOT  (P  VI II  (NOT  IN  VII) 

*HS  (PIPED  (QUOTE  PH-4))  (irmCC  (QUOTE  Ntflll 

(CUETPIPLC  (QUOTE  PN-4)  (QUOTE  XX)  (QUOTE  XX!  (QUOTE  XI  )1 
VARS  VI 

LASTMEM  f PH-4 ) 

LMSPPtL  (PM-1  ((LET!  VliM  (PN-I  KltTl  VIII)  (PH-2  ( (ICTl  VI))) 

I  PH- 3  fflCTI  Vp!)  (PH-4  ( (LI  Tl  VIM) 

IMSTCPM  (PM-1  UP  VI  M  POS  11  (PH- 1  ( XT  VI 1 1  POS  1 )  (PH-2  UP  VI XI  POS  II 
(PH-3  (XN  Vi  M  POS  P 

(PH-4  ((NOT  (f  VIM  (NOT  (P  VP)  (NOT  (P  VI >1  (NOT  (N  VPI)  NEC  I) 

PMSCUE  IPM-J  (CUE  PM-1  P  XX  XX )  1  JPN-)  ICUI  PH  1  N  XX  XX)) 

(PH-2  (CUE  PN-r  N  XI  XIII  (PH-3  (CUE  PN-3  xx  i«  III) 

(PH-4  (CUE  PH-4  XX  XX  XXI! 

PMSIMACC  (PM-1  (XPMO!  I  PH-1  OUNNOl  (PH-2  POP)  (PH- 3  NAM!  (PH-4  «UD 
HUN  TIME  44.3  SEC 

exam  tpt  pipe  imcT  t/r  tn  i/r 

IN  122  $4  372  4.4*  IN  MS 

•  II*  •  363  0  $2*  *.119  SEC  AuC 

224  1NSTPTS  14«  DELETES  7  WARNINGS  S  NEW  OBJECTS 
P4AX  iSMPX  LENGTH  32 


’L  ASSEVT  (ST|f1  MB) 

W-JTH-I/ 

PH-1-1 

•NET'  ryz/ 

E2-I 

•STih  pipe* 

nut 

C2-1 

•STIM  PEA/' 

CJ/ 

E3-1 

•STIH  KrtJ* 

ci/ 

ll-l 

•STIH  *£«r 

C«Mf  JRJPW-3/ 

PH-3-1 

•NET*  F/T3/ 

ri-i 

•CUE  riPE* 

tiatxt/ 

El-2 

•stih  ficnr 

*s*i*»iiiixtaartrwnnws*sinKssMH 

TOP  lf\fl  ASSEVT  (PESP  NLtll 

PSP2/H3/ 

•  9. 

VJ-I 

•PEPLt  V*»OMC.' 

P8/V7AV7C/ 

!  10. 

P7C-I 

•COTVAT  T  OK* 

V6/P9EV7/ 

!  11. 

P7-1 

'CtW*AT  T*" 

!  12 

*7-2 

•COTH-AT  T*' 

■  ♦  «/ 

f  13. 

vs-l 

•CO(f*AT  4* 

C0/C7/ 

t  H 

C7-| 

•EIT  IS  POS  3* 

SSSSA/SS/S4A/S4/ 

•  IS 

S4-1 

•SPLIT  PPCP  2* 

SI/S2/ 

!  IS- 

S2-I 

•SPLIT  FOOD  POS 

'  Cl! 

?  17 

C2-I 

•CM  CUE  3' 

S2CX1S1C2S7S3AS3 

ADOPPOOP  (PH-S) 
BEPPPODP  (PH-31 
KEPVMSP  (PN-D 


5AV40  PH-S  PH-4  PH-3  PH-2  PH-1  PM- 1 


TOP  LEVEL  ASSEVT  (STIH  PAN!  PH-3PH-4/PH-2PH-IC1PM-I/ 

•  te.  pm- i - 1  •net*  tyit 

•  19.  P2-2  'STin  riPt*  *$£3/ 

!  20.  E3-2  *ST1M  PtMJ*  ;  £2/ 

!  21-  E2-2  *STln  PE M2*  14E!/ 

•  22.  II -3  " ST | M  PEMl*  *4F JR3PN-SPN-1PN-2/ 

f  23.  PH-2-1  •NET*  T2M7 

!  24.  P3-2  *CUC  PIPE*  E4E3E2CI/ 

!  2S.  El-4  •STin  vtui* 

I  2S  Cl-S  *$T|K  VCMI*  *SM**H*lT2CIC2CirjPH-l 


*SM*»H*lT2CIC2C!rjPH-»H-Srii9SSASSS4«4S3A 


IRANI 


DtUiM  Tract  m  IN  Tnl 


C. 


T 

TOP  LEVEL  ASSERT  (RCSP  POP)  S3S3A$6$7R2/R$R3/*4riR|/ 
‘  27.  RIM  *REPtV  HATCH*  RtRIORlR? 


REPLY  (OK) 

SAVED  PN-5  PN-4  PN-3  PH -2  PH- 1  PH-1 
NIL 


TOP  uutl  «SS£»I 

(STm  PCD 

PH- 1C  I  PH-?/ 

‘  26. 

PH-2-2 

•NET*  f  3f  2/ 

*.  29. 

f2-3 

*STIH  PIPE* 

PS£2/ 

t  36. 

12-3 

•STIf)  Pin?* 

£3/ 

1  31. 

13-3 

•STln  Rina* 

E4E 1  / 

?  32. 

SSAR9 

C 1-6 

•snn  Rim* 

R«f  3R3PM- 1  PH- 3TH- 4 /TH-5PH-2 /PH- 1  f  |  S3SJAS4S4  ASS 

T 


top  UWI  OSStPT  (PtSP  NBMI 

S4S4f6$SSflf  JP4/ 

!  33. 

P4-J 

*P£PLY  OBS' 

PSC1  / 

1  34. 

El-7 

•stjh  Pirn- 

CX2C4C1/C3/C?/ 

1  3S. 

LZ-2 

*CM  CUE  3* 

S 1 S2C  X 1 C2S  7SaftS3R?54 54  ASSSSAS6T  3R  3T  2RSA  / 

!  36. 

PSA-i 

*PE  SMn-* 

PS/ 

(  3?. 

PS-1 

*PE  STln* 

£4/ 

1  36. 

C4-J 

•sun  Pin  Pin* 

PH-S/PH-4  tVH-  3Pn-  1PH-2/ 

!  39. 

PH-2-3 

**T*  Tit 

1  46. 

f  2-4 

*ST|rt  fjpf- 

lit 

!  41. 

E2-4 

*STln  Pin?* 

til 

!  42. 

E  3-4 

•STln  Pina* 

RSC1  / 

»  43. 

El-B 

*SMn  Pinr 

E4R4F3R3PN-3/ 

!  44. 

PN-3-2 

•net*  r:ra/ 

•  45. 

f  3-3 

•CUE  MPE* 

E4E2CI/ 

1  46. 

11-9 

•STjn  pfnr 

E3/ 

1  47. 

E3-5 

•STin  Pina* 

PSP?P?P16/ 

•  48. 

PIO-1 

•PEH  PES P* 

pi/srpspj/ 

f  49. 

P3-? 

•PEPl  V  MPDNf.* 

R7APB/P7C/ 

I  S0. 

P7C-2 

•COTR'AT  T  OK* 

1  SI. 

P7C-3 

*COtH»AT  T  QL* 

P6/P9CP7/ 

?  52- 

P7-3 

•COMPAT  T** 

R6/ 

(  53. 

P6-2 

•COTV^T  ♦* 

C4/CS/C6/C0/ 

I  54. 

C8-I 

•EXT  LS  POS  2* 

S3/S7S3A/S4A/5S/ 

•  55. 

SS-1 

•SPLIT  PPCP  3* 

S2/ 

!  56 

52-2 

•SPLIT  PPOO  POS 

C3/ 

!  S7. 

C3-1 

•CM  CUE 2' 

•«  C2CIS2SlCaS6SSAS4P2S7SaAS3S4ASSC8C7C6CSC4Pj/ 

R3RJ0riR4r?r3PH-5 

POOPPOOP  (PH-61 
PEPPPOOP  (PH-3) 
REPPWSP  (PH-2) 


REPLY  (OK  > 

SAVED  PH-6  PN-S  PH-4  PH-1  PH-2  PH-1  PW-| 
NIL 


RMS  (EXISTS  Cl  C2  CD  (flRCO  (QUOTE  M-2M  MWOE  (QUOTE  PORI)  (LET!  CO  CN  Cl) 
(LET2  C2I  (A  C2I  (LEU  CD  <«  CD  (CUETfiaC  (QUOTE  P9hV  Cl  C2  Cl) 

(MRS  VI 
PH- 1  *  NET  * 

IMS  (LEM  V)l  (H  VI)  (LEU  VI)  (H  VI)  (LET?  V?)  (A  V?) 

IMS  IMPED  (QUOTE  PH-ll)  (jr*CC  (QUOTE  NHU) 

(CUE triple  (QUOTE  PN-3)  (QUOTE  XX)  (QUOTE  XI)  (QUOTE  XX)) 

VARS  V?  VI  VI 
PH-4  •  NET  * 

IMS  (LET!  VI)  (NOT  if  V)))  (NOT  (R  Vl>>  (NOT  (P  VI))  (NOT  <N  VIII 
IMS  IMPED  (OUOTC  PH-4) I  (im Gt  (QUOTE  WHt) 

CCUCTP1PIC  (QUOTE  PH-4)  (QUOTE  XX)  (QUOTE  XX)  (QUOTE  XXI) 

VARS  VI 
PN-S  •  NET  ' 

IMS  HEM  V|)  (N  V|)  (LET!  V31  (HOT  (H  VIM 
!H$  rriFED  f QUOTE  PH-5M  (ITMCE  (QUOTE  MAfll) 

(CUETPIdC  I  QUOTE  PN-S  )  (QUOTE  XX)  (QUOTE  XX)  (QUOTE  XX)I 
VARS  VI  V| 

PN-6  '  NET  • 

CMS  (LETI  V|)  (H  V|)  (LET!  V|)  C n  V|)  (LET?  V?)  (NOT  (A  V2)l 
PMS  «MPlO  (OUOTC  PN-Sn  I inAGC  (QUOTE  MRTP 

(CUCTRIPLE  (QUOTE  PN-6)  (OUOTC  XI)  (QUOTE  XV)  (QUOTE  XXI) 

WPS  V?  VI  VI 

LAS1NCU  (PN-61 

LMSPPfl  ifn-i  MLETJ  VJ))I  IPN-1  ((LEU  VI)))  (PN-2  ( (LETS  VI))) 

(PN-3  HUH  VP  (N  Vp  (LET3  V3>  CM  V3)  (LET?  VZP)  (PN-4  ( (LET  1  VDI) 

(PN-S  ((LETI  VP  (N  VP  (LCT3  V|)P 

(PN-6  MLETJ  VP  (N  vn  (LCT3  V3>  (H  V3>  (LET?  V?))) 

LHSTEPn  f pn- 1  Ml  VP)  POS  P  (PN- 1  ur  VP)  POS  P  (PN-2  (IP  VI))  PDS  I) 

(PN-3  ((ft  V? ) >  POS  3) 

(PN-4  ( I  MOT  If  VPI  (NOT  II  vpi  (NOT  (P  VP1  (NOT  (N  VI)))  NEC  I) 

(PN-S  KNOT  IN  V3)P  NEC  2)  (PN-6  ( (NO*  (A  V2M )  NEC  1) 

IMSCUC  (Pfl- 1  (CUE  Pn-1  p  XI  III)  (PH- 1  (CUE  PH-I  H  XX  f!)> 

I PN-2  (CUE  PN-2  NAnn  (PN-3  (CUE  PN-3  XI  XX  XX))  (PH-4  (CUE  PN-4  XX  XX  XX  P 
(PN  S  (CUE  PN-S  II  XX  IIP  (PN-6  (CUE  PN-6  XX  IX  XX)) 

RHSIWCC  (W-1  OUNNO)  (PN-1  DLHNO)  (PN-2  POP)  (PH-1  NAPTI  (PH-4  MR1)  (PN-S  WA) 
(PN-S  Nl»l) 


ILK  tut  3:.e  SEC 


EIW 

TPT 

MPE 

V1ACI 

E/T 

t/t 

t/r 

27S 

92 

S7 

2S2 

462 

i.x 

i.« 

0116 

0  390 

0.S62 

0  127 

SEC  AVC 

ISA  INSEPtS  98  DELETES  ?  MWN/NGS  7  MEN  OBJECTS 
mi  ismx  lencth  34 

CORE  (flEC.rUU)'  (6626  .  1B36»  USEO  <1322  .  06* 

»ACTS  lOAOPS  t£P*l  •  E«P)  (tPAASI  .  MAC)  EPAMC  RUN  9*KEr*TY  SHPlttfMY  SAPIENT* 
smurru  Smitrf»Tv  $r»>*tmTY  SAVE  PS  <  CLOSE  0  (EPAJl  •  EXP))  SAVEOQ  (CLOSED  < 

tp*mi  .  oesn  (Cioseo  (from  .  trsm  pun  swwtty  s^iutty  sr^xcmrY 

»ntf*TY  SffffrPTY  smurPTY 
TRACE 

(PN-1-1  f 2- J  C2-I  13-1  t!-J  PN-3-1  73-1  E1-?  *3-1  R7C-I  R7-1  R7-2  R6-I  C7  1 
54-1  52 - 1  C2-1  Pn-1  -1  F2-2  E3-2  E2-2  El-3  PH-2-1  fl-?  Cl-4  E1-S  R|-l  PH-2-2 
f 2-3  C2-3  EJ-3  11-6  P«-l  CI-7  C2-2  ISA-1  RS-1  E4-I  PH-2-3  f?-4  £2-4  E3-4  1 1  -© 
PN-3-2  f 3-3  El-9  13  S  RlO-1  R3-?  R7C-2  R7C-3  R7-3  16-2  Cf-t  SS-I  S2-2  C3-1 ) 

MPEO  26  OUT  or  40  PRODS 

<$**ps  CPAftn 
aosco  <(pwi?  .  exp) 


laosco  (tPAAi?  .  oesM 


TOP  LEV*t  ASSERT  NIL 

PH- 1  *  NET  * 

LMS  (LETI  Vll  if  V!) 

RMS  (EXISTS  Cl  C3  >  (MPEO  'QUOTE  PH-1))  fimCC  (QUOTE  DUNNDM  (LEM  Cl  I  (NCI) 
III T3  C3)  (H  Cl*  (CUTP1KE  (QUOTE  PH-11  Cl  (QUOTE  XII  Cl) 

VARS  VI 
PH- 1  •  NET  • 

LMS  HIM  VI)  (P  V|  1 

RMS  (EXISTS  CP  (f  IPEO  (QUOTE  PH-IH  UmCE  (QUOTE  OUMDD  HEM  CD  (P  CD 

(CurrPfnE  (Quore  ph-h  ci  kudu  xd  (quote  xni 

V*RS  VI 
PH-2  •  N{1  • 

LM5  (LCT|  VI)  (P  V|> 


THIPO  SEC  CT  T**C  PAIRS 


IX  lt«t  ASM»T 

(ST in  f 10) 

PN-1  / 1  *  » 

1  1.  »(i-l 

•NET*  (3*2/ 

!  t.  n-i 

•ST|P1  MIS  * 

rs a/ 

i  ».  t;-i 

•STln  PE»C* 

it/ 

'  ».  ti-i 

•STjn  Pinr 

Cl/ 

'  S  0-1 

•STin  ppo- 

C4»4f  JtFH-QPH-S/PH- JPH- 1 /Pn- IPH-2PH-4 /f  I P9SSA 

SSS<<6<S3KU 

t 


III  tl 


e. 


D«la1M  tf*c#  m  T*t 


|MM 


TOP  LEW.  ASSERT  (RfSP  NUNI 


SSR2SSAS4S7PJR  I RSTIIN/ 


TOP  LEVEL  ASSERT  (PCSP  MWI 


S75SR4R1/NSR)/ 


6. 

**-i 

•oioiy  «ev 

CMSCEtl/ 

1  47.  Rl-J  'REPLY  MATCH*  RI8RIR2RI 

7. 

ei-e 

'SUM  PEM|- 

E3/ 

•  • 

EJ-E 

•STtri  PEM3* 

C2/C1/C3/ 

S. 

CJ-l 

•CM  CUE 2* 

S 1 S2C 1C2C  JS6SSA$4P2S7S3ft$3$4ASST2*3r  3R5A/ 

REPLY  (OX) 

le 

PSA-1 

•PE  STIM-' 

PS/ 

ti. 

*S-1 

•PE  STIM* 

El/ 

SAW)  PN-6  PN-5  PN-4  PN-3  PN-2  PN-I  PW-I 

12 

C4-! 

•STIM  PfM  PCM* 

PM-3PM-S/PM-6/PM-!/ 

13. 

PM- 1-2 

HI'  H/ 

NIL 

14. 

tee 

•STIM  PIPE" 

ee/ 

is. 

ee-e 

•STIM  PC M2* 

WEI/ 

IS 

ti-j 

•STIM  PEN!* 

£3/ 

1?. 

tl-J 

•STIM  PEM3- 

E4R4P3R3PM-6/ 

IB. 

PN-6-t 

•NET*  T2f3/ 

19. 

T3-I 

’CUE  PIPE* 

E1E3/ 

TOP  LEWI  OSSERT  MU 

e«. 

E3-1 

•STIM  PEM3* 

El/ 

21. 

CJ-1 

•STIM  PCM1- 

EZ/ 

PN-1  *  NET  • 

22. 

£2-3 

"ST iM  PE M2* 

RSRIBP 

LHS  (LET!  VJ)  if  VI 1 

23. 

RIB-1 

•REM  RCSP* 

(9/*E/»1SSSS«*1571»l/ 

RH$  (EXISTS  Cl  C2  C3»  (PIPED  (QUOTE  PM-1M 

24. 

Rl-1 

•REPLY  MATCH* 

R3R2R!0RlC2r2CXlf  3PM-SPM-3 

(N  CD  (LET2  C2I  (U  C2)  (LETS  C3)  (M  C3) 

RCPRHSP  (PN-1 I 
REPLY  ton 

SAVED  PN-6  PN-5  PN-4  PM- 3  PN-2  PN-1  Pn-1 
MIL 


WAPS  VJ 
pn-i  •  NET  • 

IMS  (LEU  VI)  (R  V| ) 

RMS  (EXISTS  CD  crjPEO  (QUOTE  PM-1M  (IMAGE  (QUOTE  OUMOM  UCU  CD  (P  Cl) 
(CUETPJHE  (OUOTt  m-l>  Cl  (QUOTE  XI)  (QUOTE  XX)) 

V#*S  VI 
PN-2  *  NET  • 

IMS  (LET!  V))  (P  VI) 

RMS  (EXISTS  Cl  C:  C3J  (PIPCO  (QUOTE  PN-21)  (IMAGE  (QUOTE  POP))  (LET I  Cl)  (N  CD 
CUTE  C21  (ft  a)  ILET3  C3)  (M  C3)  (CUETRIPLE  (QUOTE  PN-21  Cl  C2  C3) 

WAPS  VJ 
PN-3  *  NET  • 


TOP  LEVEL  ASSERT  (ST  JM  PAM) 

ON-I/OM-EHM  / 

LHS  (LETI  VI)  (N  VJ)  RET3  U3)  (M  V3)  RET2  V2) 
RHS  (PIPED  (QUOTE  PN-3))  I  IMAGE  (QUOTE  NAM)) 

in  VE) 

!  25. 

pti-i-i 

'NET*  P3T2/ 

(CUETPIPIE  (OUOTt  PN-3)  (QUOTE  XI)  (QUOTE  XI) 

(ouort  xxn 

1  26. 

rz-3 

'5T1M  PIPE' 

(SE3/ 

VARS  V2  V3  VI 

1  27. 

E3-S 

•STIM  PI  M3* 

El/ 

PN-1  *  NET  • 

VI >1  (MOT  (N 

I  28- 

tl-S 

•STIM  PEM|- 

EE/ 

LHS  RtTI  VI)  (NOT  (F  U|>)  (NOT  (R  Vl>)  (NOT  (P 

*  29. 

EE-1 

•ST|M  PE M2* 

E1P«r3»3PN-6PH-3Pn-l/»>W-1/P*i-E/ 

RHS  (riPPD  (QUOTE  PN-1)>  '  IMAGE  (QUOTE  NERO) 

!  38. 

ON-E-I 

'NET*  r2P3/ 

ICULTPIPLE  (QUOTE  PN-1)  (OUOTE  III  (QUOTE  XII 

(OUOTE  (III 

(  31. 

T3-E 

'CUE  PIPE' 

EE/ 

VARS  VI 

f  32. 

EE-S 

'STIM  PE M2' 

El/ 

PN-S  '  NET  • 

•  33. 
f  34. 

El-S 

CI-7 

•STIM  PEM|- 
•STIM  REMf • 

13/ 

L»«  RtTI  VJ)  (N  VJ)  (LETS  V31  (MOT  (M  V3>> 

RMS  (PIPED  (QUOTE  PN-5> >  1  IMAGE  (QUOTE  NAMJ) 

•  35 

E3-6 

•STIM  PEM3* 

PSE1R3PEI!  1  OP  1  r  3C I C3T  ECEPM-SPN-3PN-EF 1  U$3tf  1«$ 

(CICTPIRE  (QUOTE  PN-S)  (QUOTE  XII  (QUOTE  XI) 

(OUOTE  XXI) 

R9SSAS4 


REPLY  (PORI 


TOP  LEVEL  ASSERT  (PESP  POP) 

»  38.  Rl -?  'REPLY  MATCH* 


MRSR3/RI/ 

R1R1CR2R3 


REPLY  (OX) 

SAVED  PM -6  PM-S  PN-1  PN-3  PN-2  PN-I  PTV| 
MIL 


VARS  V3  VI 
PN-6  *  WT  * 

IHS  (IET|  VI)  (N  V|)  (IET3  V3)  (M  V3)  RCT2  V2)  OOT  (A  U2>> 

RV«  (PIPED  (QUOTE  PN-6H  (IMAGE  (QUOTE  NUMI) 

(ClfTPJPlE  (OUOTt  PM-61  (OUOTt  XI)  (QUOTE  XI)  (QUOTE  XI)) 

VAPS  V?  V3  VJ 

LftSTNEM  (PN-6) 

LMSPPtL  (PM-1  cafTi  VIDl  (PM- 1  ((LETI  V))))  (PN-2  (dtTI  VI))) 

(PN-3  ( (LETI  VJ)  (N  VJ)  (IET3  V3)  (M  V3i  (LET?  V2II)  (PN-4  ULCTI  VHI) 

(PN-5  ((LETI  VI)  IN  VP  (IET3  V3 ) ) ) 

(PN-S  ((LET)  VP  IN  VP  (ICT3  V3I  <M  V3)  RET?  V2))> 

LMSTCPH  (Pn-1  IIP  VP)  POS  P  (PN-l  ( IF  V|)l  POS  |)  (PN-2  (IP  VII)  POS  1) 

(PN-3  HA  V? I )  POS  3) 

(PN-1  ((MOT  IT  VP)  (NOT  (R  V|  1)  (NOT  (P  V|)1  (NOT  (N  V|))l  NEC  V 
(PN-S  KNOT  (ft  V3M)  NEC  2)  I  PN-B  ((NOT  (A  V2II)  NEC  3) 

RMS  CUE  (PM-|  (CUE  Pn-l  P  *i  il)1  (PM-1  (CUE  PN-1  N  U  Ml)  (PM -2  (CUE  PN-2  M  ft  HP 
(PN-3  (CUE  PN-3  XI  XX  XX))  (PN-1  (CUE  PN-1  XX  XX  XXI) 

(PN-S  (CUE  PN-5  XX  rr  xm  (PN-B  (CUE  PN-6  XX  rx  XX)) 

RMS  I  MACE  (PM-1  DIPNOI  (PM-1  OCfCMO)  (PM-2  PC*  >  (PM- 3  NAM)  (PM- 4  NttTI  (PM -5  MAM) 
(PN-6  MU) 


TOP  LEW.  ASSfPT 

(STIM  Ptl’l 

PN-IPN-2/ 

•  37. 

PN-2-2 

*NE  T*  P3T2 / 

(IN  Tirf  EE. 9  tf  t 

•  38. 

F  2-4 

•sum  pipe¬ 

PSE2/ 

•  39. 

r2-s 

's)  im  PIM2" 

El/ 

t»«n  rot  ript  itwct  t/r  t/T  T/r  • 

•  18. 

Cl  -8 

'STIM  Pfnr 

C  3/ 

E97  01  17  100  1.10  3.39  1.10 

!  41. 

E3-7 

•STIM  PEM3' 

E4R4P3R3PN-S/PN-3/ 

0.1U  0.37S  0  197  0.IE9  strove 

•  42. 

PN- 3-1 

•NET'  P2f3/ 

)  43. 

T3-3 

•CUE  PIPE' 

E3/ 

no  iNsrors  to  critics  o  umkimts  7  new  oojects 

t  44. 

13-8 

'STIM  PEMJ* 

Cl/ 

l*w  iSW>r  UNOTH  79  * 

t  4S. 

El-9 

'STIM  PEMl* 

ft/ 

coot  (rote  ruui.  ies«B  •  ioioi  used  dE9i  .  0E( 

1  46. 

12-7 

•STIM  RE M2* 

RBC1R3R2RI R 1 0C2P2C3C  IP  JPN-GT 1  S<SS**9S$$1A$3ftS3 

|»C1S  IOO0W  (COM  .  ttoi  IIOKV  .  (*CI  CP«t  (IN  STHE(**Tr  S'O’UWIY  S^Ttrrt* 

SWiTn>t»  onPi(^>TY  sr»'Hf*>Tr  snvtos  (C10SID  « t P«  1 1  •  E«0>)  SnvtOO  ICLOSID  ( 

REPLY 

(•MM) 

iMn ii  .  cesii  iars(D  amm  .  i«n  pin  yo’itw’t'r  srntwtt  smimr 

Sff>xt)f*TT  Sf*)tr*TY  S^itrfTY  SAVE  PS  (ClOStO  (EPAJ2  .  E*PI)  SAVE  00  (CLOSCO  C 
IPMTI2  .  OeSM  (ClOStO  RPA112  .  TRS»)  RUN  Sff»lCrf»TY  SffXt^TY  STf»* EMPTY 


HIM 


1 


I  PAM 


DllllM  TrKt  p  TkPM-Ptr  Twl 


st*xin>tr  S7*>«t*>ty  9*>xc»tt  cost  <7ru.7u.li.  rtsis  .  iKti  usto  t-s*«  .  n> 

n«o  it  out  or  n  wow 

<PN-l-t  72-1  E?-J  El-1  I3-)  R4-1  CI-2  C3-2  C3-I  RS0-1  RS-1  14-1  72-2 

£2-2  El-3  EJ-3  PN-S-1  73-1  E3-4  El-4  £2-3  RI8-1  Rl-l  pn-1-1  72-3  £3-5  tl-5 

£2-4  PN-2-1  73-2  E2-S  £1-6  El-7  E3-S  *1-2  PN-2-2  72-4  12-S  EI-*  E3-7  PN-3-1  . . 

73-3  E3-8  El-S  E2-7  PI-31 


riRto  >7  our  or  4i  props 


(CONTPOL  710U  SLTtWRT  708  TWEE-THIf  TESTI 

»S«veps  iPfrnt 


CLOSED  (CPA13  .  EXP) 

0  7  t  t  C  S 

tciosco  ttPfvna  .  oes>> 

ri-i 

r 

I. 

PN-1-1 

R 

I. 

FOURTH  CYCLE  THROUGH  P*IP$.  ftL  CORRECT 

4  P2-1 

r 

t. 

11-1 

I 

3... 

PYl-l-i 

R 

1. 

71-1 

F 

1. 

£1-2 

£ 

1. 

*16-1 

* 

2  . 

TWtt  PAIRS  /  FOUR  cycles 

PM-1-2 

R 

1. 

F2-2 

r 

1. 

stih  no  /  pc sp  mjm  /  peply  ok  / 

£3*2 

c 

3... 

STin  PAM  /  PCSP  POP  /  PEPLY  OK  / 

*4-1 

* 

1. 

ST  in  PCK  /  RCSP  Wfl  /  REPLY  OK  / 

CM 

c 

1. 

PSA-1 

* 

2.. 

PUN  Tir*  14.3  SEC 

£4*1 

c 

1. 

m-i-s 

p 

1. 

EXAM  TRY  F1PC  wmact  t/r  E  /T 

T/r 

72-3 

f 

1- 

376  122  04  372  4.40  3. 00 

1  .IS 

£3-3 

E 

3... 

e.118  0.363  0.520  0.119  SEC  000 

PM-l-1 

R 

1 

F3-2 

r 

1 

224  INSERTS  ]40  OElETCS  7  WARNINGS  S  OBJECTS 

£1-5 

£ 

2.. 

MAX  .SMPX  LENGTH  33 

RJO-2 

P 

4.  . . . 

COPE  (rPtE.rULLIi  (0640  .  10131  USED  (1302  .  100) 

C4  - 1 

C 

1. 

S7-  | 

s 

2  • 

FIRED  28  OUT  OF  46  PP CDS 

PS-2 

* 

1. 

£4  2 

E 

2.. 

STln  rio  /  peply  n«i  /  prsp  nun  /  reply  ok  / 

pn-i-s 

P 

1. 

ST  m  PAM  /  PEPIY  POP  /  PESP  POP  /  PEPLY  OK  / 

F2-4 

r 

1. 

STin  PCK  /  PESP  NAM  /  REPLY  OF  / 

£2-4 

c 

3... 

PN-2-1 

p 

1. 

RW  T ] ME  32.0  SEC 

73-3 

r 

1. 

11-8 

£ 

1. 

£»«"  TRY  71Pf  ItWCT  E/7  E/T 

T/r 

RIIJ-3 

* 

«... 

27S  02  5  7  252  4  82  3  35  ] 

1.14 

C4-2 

c 

1. 

0.116  0  390  8  562  8  127  SEC  PMG 

S3- 1 

S 

2.. 

PN-2-2 

P 

i 

154  INSEPTS  98  DELETES  2  WARNINGS  7  NEU  OBJECTS 

72-S 

r 

1- 

TWX  .snrx  LENGTH  34 

12  S 

£ 

3... 

COPE  (FREE. FULL  )i  <0620  .  1036)  USCO  <1322  .  06) 

P4-2 

* 

1- 

Cl-2 

C 

1- 

7IRE0  26  OUT  OT  48  PROOS 

PSA-2 

* 

2.. 

£4-4 

£ 

1. 

STin  FID  /  PESP  NUM  /  PfPlY  OK  / 

PN-7-3 

P 

1. 

STin  PAM  /  REPLY  POP  /  PESP  POP  /  PEPLY  OK  / 

F2-6 

f 

1. 

STin  PEL  /  PEPLY  NAM  /  PESP  NAM  /  PEPLY  OF  / 

11-10 

( 

3.. . 

PN-3-1 

P 

1. 

PUN  T  lf-C  22.9  SEC 

f  3-1 

F 

1. 

£1-11 

£ 

1. 

EXAM  TRY  F|PC  WMACT  E/F  E/T 

T/r 

*10-1 

R 

6. ... 

207  61  47  106  4.40  3.39  1 

1.30 

C1-3  • 

C 

1 

B  ill  0.37S  0  407  0  123  SEC  AVG 

S3  2 

$ 

2.. 

PN-l-l 

P 

1. 

116  INSTPTS  70  DElEtrS  A  WARNINGS  7  NCU  OBJLCTS 

F2-1 

r 

1. 

MAX  iSMPi  LENGTH  ?9 

C2-1 

£ 

3... 

CORE  rFPEE.rULD.  (0640  .  1040)  USED  <1294  .  02) 

PN  3  -1 

R 

1- 

ri-i 

r 

1. 

F1PE0  17  OUT  OT  40  PPODS 

£1-2 

c 

1 

*3-1 

* 

STin  FIB  /  PfRlV  NUM  /  PESP  NLfl  /  PEPLY  OF  / 

C7-1 

c 

I. 

STIM  RAM  /  REPLY  POP  /  PESP  POP  /  PEPLY  OK  / 

54-| 

s 

2. . 

ST  1M  PEF  /  REPLY  N»*1  /  PfSP  NAM  /  PEPLY  OK  / 

C2-1 

c 

1. 

PM-l-l 

p 

1 

RUN  Tire  10.1  SIC 

72-2 

r 

1. 

£3-2 

£ 

3... 

EXAM  TPT  FJPC  UTV<  T  C  /F  C/T 

T/r 

PN-2-1 

P 

1. 

172  41  34  |41  5  A6  4.20  1.21 

n -2 

r 

1. 

•  107  0.449  0  541  0  I3A  SEC  tm; 

C  1-9 

£ 

2  . 

pi-1 

* 

1. 

92  INSERTS  40  DELETES  0  WARNINGS  7  NEW  OBJECTS 

PN-2-2 

P 

1- 

MAX  .9P1  UNGTH  29 

72-J 

r 

1- 

III-3T 


•»*•%*  I'M  m  n rm+0*  Twt 


tpm 


K-J 

£ 

3... 

R4-I 

• 

1. 

C1-? 

E 

1. 

CZ-2 

C 

1. 

SEW*  P91PS  /  TtBCC  cto.es 

RSn-i 

IT 

2.. 

C4-| 

£ 

1. 

STin  PM  /  PtSP  CO*  /  PEPLT  ok  / 

PN-2-3 

P 

1. 

STM  He  /  PCSP  IUO  /  PCPIT  OK  / 

rz-i 

F 

1. 

STM  Cll  /  PCSP  OEP  /  PCPIT  OK  / 

C2-4 

c 

3... 

si/pi  ew:  t  peplt  tu»  /  pcsp  /  petit  ok  / 

PN-3-2 

P 

I. 

Slid  •»*.  /  PCSP  LEO  /  PEPLT  OK  / 

F3-3 

F 

1. 

STin  RES  /  PCPIT  LEO  /  PCSP  *0L  /  PEPLT  (X  / 

£1-9 

£ 

Sim  HU  /  PCPIT  LEO  /  PCSP  PCO  /  PE  PET  OK  / 

RUM 

'  * 

C8-1 

c 

1. 

RIM  TIK  2  ni*.  IS. 6  SEC 

SS-1 

S 

C3-1 

c 

i. 

*  CUM  TPT  rise  HWCT  E/r  £/T  T/f 

PW-1-1 

P 

1. 

.  1617  316  239  I6S3  T.JT  3.29  1-32 

F2-1 

F 

1. 

9.13*  #  427  #  S6S  #127  SCC  PWC 

E2-1 

£ 

R4-1 

* 

1. 

63#  INSERTS  4n  DELETES  36  UMNINCS  12  NCH  OBJECTS 

Cl-2 

£ 

mr  isiri  lcnotm  4« 

C3-1 

c 

1. 

CORE  (rPEE.FUUU  (16366  .  29191  USED  (|4M  .  121 

PSA-1 

R 

C4-1 

£ 

1. 

PN-1-2 

P 

1. 

sun  PAT  /  PCPVT  OVMND  /  PCSP  CON  /  RCPVV  OK  / 

F2-2 

F 

1. 

STin  at  /  pcsp  vuo  /  pcpvt  cr  / 

E2-2 

C 

STin  CIT  /  PCPVT  Dtp  /  PCSP  OCR  /  PCPVV  OK  / 

PN-S-I 

P 

1 . 

STin  BL»:  /  RCPIY  LUO  /  PCSP  MAB  /  PCPIT  OK  / 

F3-1 

F 

1. 

sun  IM.  /  PCPIT  PCD  /  PCSP  ICO  /  PCPVT  OK  / 

£3-1 

C 

STin  KB  /  pcpvt  na  /  pcsp  hjl  /  PIPIT  OK  / 

*10-1 

• 

2. 

STin  NOJ  /  PCPVV  PCD  /  PCSP  PCO  i  PCPVT  OK  / 

PH- 1*1 

P 

1. 

F2-3 

F 

pun  Tire  i  him.  49. e  sec 

C3-S 

l 

PN-2-1 

P 

tx  An  TRY  FlPC  »VCT  C/F  C/T  T/F 

F3-2 

F 

1. 

•IB  240  |73  710  4.73  3.3B  -  1.49 

C2-S 

E 

•.133  0  439  0  S39  Q.ISZ  SCC  M 

Rl-2 

R 

1. 

PN-2-2 

P 

1 

421  IMSTPTS  299  OCtETIS  19  MnPNIMCS  IS  *E«  OBJECTS 

F2-4 

r 

1. 

mu  .SHPI  UVCTM  38 

E2-6 

£ 

3... 

tOPE  IffCt.TUUI.  1996  7  29161  USEO  (1799  .  4*> 

PN-3-1 

p 

i. 

£3-3 

F 

i. 

E3-8 

£ 

3. . . 

sun  9»x  /  pe KT  con  /  pcsp  con  /  pepit  ok  / 

RI-3 

R 

I. 

STm  BE*-  /  PCPVT  IUO  /  PCSP  VUO  /  PCPVT  OK  / 

PERCtHlfiClS  or  FJPJMG5  OF  fflCH  TYPC .  OUT  OF  TOTAL  10 

P  12 . 

F  13 . 

£3? . 

R  25 . 

C  S . 

s  s . 


STW  CIT  /  PIPIT  DC*  /  PIS P  DC*  /  PfPVt  OK  / 

STin  ft*  /  PCPIT  rwe  /  PCSP  m*  /  pcpvt  ok  / 

STIR  IM  /  PtPlY  UO  /  PfSP  ICQ  /  PCPIT  CK  / 

SUn  PCS  /  PIPIT  m  /  PfSP  /  PC  PVT  (*  / 

SUN  NOJ  /  Pf PVT  PCO  /  PCSP  PCO  /  PCPVt  OK  / 

K*  T,*  V2.1  SCC 

C**1  Ttf  flPC  MRACT  C/F  f/T 

9X  32  71  3*4  SSI  4.90 

•  132  »  SS6  •  734  •  »7|  SCC  m* 


l/F 


198  INSfPTS  IPS  OCVCUS  •  tMRfUCS  IS  KM  OOJCCTS 
AM  rSffl  VCNC1M  37 

copc  imf.njuit  #9922  .  2t*s»  usro  ci**  .  «s* 


«n«c  pairs  /  thus  CTais 

sun  PC*  /  PCSP  1U8  /  PCPIT  pt  / 

STin  jub  /  pisp  t»p  /  pcpvt  t*  / 

STin  VTP  /  PCS P  PIM  /  PCPVT  ok  / 

SU«  tor  /  PCSP  Btf>  /  PfPlT  CP  / 

STin  IU>  /  PCSP  N*l  /  PCPVT  OK  / 

STin  *&/  /  pcsp  Dvr  /  pcpvt  t*  / 

Sfin  uw  /  pcpvt  »m  /  pcsp  m  /  pent  c*  / 

sun  PIT  /  PCPVT  CUB  /  PCSP  J»B  /  «*.Y  OK  / 

sun  lib  /  pcsp  *oi  /  pipit  ok  / 


•UN  urv  3  PIN.  9.27  SCC 


(1*1 

TRY 

fin 

IPWC1 

i/r 

1/1 

1/f 

1422 

43* 

33S 

I4S8 

4-24 

3.31 

129 

•.133 

•  44* 

6  565 

8  1 38 

SCC 

0. 


Itt-M 


....  ?*>**»+*& 


fP AM 


tu— try  tf  f«r  Olkr  I«U 


0. 


BS4 

IN5£»tS  S*6  OCLCTCS  IS  MWN1NCS  IS  ICM  OUtCTS 

tun 

T*T 

n«t 

IfWCT 

t  it 

t  n 

T/f 

fVtX 

ism  u«th  « 

tss 

174 

144 

679 

4. Si 

1.7* 

Ml 

CWt 

(r*it.rau<  isais  .  14901  uses  (4iz4  .  4Z4i 

•.IK 

t.449 

M4i 

0. 135 

KC  MG 

HRED  39  CUT  OF  $8  P»OW 


sun 

ton 

/ 

rent  iub 

/  PESP 

IUB 

/ 

REPLY 

OK 

/ 

stm 

JUB 

/ 

PESP  XYP  /  PEPLY 

OK  i 

7 

STin 

VTR 

/ 

REPLY  PIN  /  PESP 

RIN 

/ 

PEPLY 

OK 

/ 

STin 

KOF 

/ 

REPLY  BUO 

/  PESP 

BUO 

/ 

REPLY 

OK 

/ 

STin 

MUD 

/ 

REPLY  N»L 

/  PESP 

NYl 

/ 

REPLY 

OK 

/ 

stim 

xou 

/ 

REPLY  OUP 

/  PESP 

OUP 

/ 

REPLY 

OK 

/ 

STin 

DAN 

/ 

REPLY  f<K 

/  PESP 

ftK 

/ 

REPLY 

OK 

/ 

STin 

PUK 

/ 

REPLY  JT0 

/  PESP 

JYB 

/ 

PEPLY 

OK 

/ 

STin 

L 10 

/ 

REPLY  KO* 

/  PESP 

KO* 

/ 

REPLY 

OK 

/ 

RUN  Tire  1  hlN.  23.9  SEC 

EXAH  TRY  flPC  UVCT  t/T  £/T  T/T 

637  12?  98  417  6  5  5.82  138 

8132  0.660  0  8S6  0  201  SEC  AUG 

266  INSERTS  151  DELETES  P  WARNINGS  15  TCU  OBJECTS 
r*»x  iStipx  length  3? 

COPE  (FREirULLh  ( 7509  .  1761 1  USED  <2433  .  161) 
riPCO  27  aJT  OF  56  PRODS 


STIH  POM 

/ 

REPLY 

LI® 

/ 

PESP 

LUG 

/ 

PEPLY 

OK 

/ 

STin  JL8 

/ 

PEPIY 

xrp 

/ 

PESP 

*yp 

/ 

PEPLY 

(X 

/ 

stim  uyp 

/ 

REPLY 

RIN 

/ 

RESP 

PTN 

/ 

PEPLY 

OK 

/ 

STIH  »0F 

/ 

REPLY 

BUD 

/ 

PESP 

ouo 

/ 

PEPLY 

(X 

/ 

stim  uuo 

/ 

REPLY 

NTL 

/ 

PESP 

NYl 

/ 

REPLY 

ex 

/ 

STin  xov» 

/ 

REPLY 

OUP 

/ 

PESP 

DlfP 

/ 

REPLY 

ex 

/ 

sun  UAN 

/ 

REPLY 

ncr 

/ 

PESP 

fff. 

t 

REPLY 

ex 

/ 

ST1H  PUK 

/ 

REPLY 

JYB 

/ 

PfSP 

JYB 

f 

PEPLY 

ex 

/ 

sun  l  fa 

/ 

REPLY 

KO* 

/ 

PESP 

KOI 

/ 

REPLY 

ex 

/ 

PON  Tift  1  H]N.  15  7  SEC 

exam  m  riPf  vrver  t/r  in  i/r 

59S  113  96  3  75  6  92  5  27  1-31 

6  127  0.670  0.090  0. 202  SEC  WG 


346  |MSCt TS  233  0CIITC5  4  WARNINGS  9  NEW  OMXTS 
mx  .5 fpt  LENGTH  37 

cote  Cf«C.FULl)i  177)6  .  17341  HMD  <2226  .  I«) 

ri«0  31  OUT  or  68  PRODS 

sun  POX  /  REPLY  CON  /  PESP  CON  /  REPLY  OK  / 

SUM  CON  /  PIPIT  BEK  /  PESP  BEK  /  REPLY  OK  / 

SUM  KK  /  REPLY  LUO  /  PCSP  LUO  /  REPLY  OK  / 

«TIM  LUO  /  PCPIY  CIT  /  PESP  CU  /  REPLY  OK  / 

SUM  CIT  /  PE  PLY  LEO  /  PESP  LEO  /  REPLY  OK  t 

6TIM  LEO  /  REPLY  PA*  /  PESP  PM  /  BE  PLY  OK  / 


IBM  T)fC  45.4  SEC 


tun 

TRY 

fire 

meT 

c/r 

t/T 

t/r 

*« 

84 

74 

30B 

4.95 

4.X 

Mt 

9.  IZ4 

6. 54B 

0-613 

8  151 

ICC  MG 

196  INSERTS  184  DELETES  8  WARNINGS  9  NEW  OBJECTS 
mr  iSWX  LENGTH  31 

COPE  irPEE.rULDt  (0186  ■  I860!  USEO  (1756  •  114) 


r  iwo  12  out  or  58  prods 


244  INSERTS  131  OClETCS  0  WARNINGS  IS  NEW  OBJECTS 
TVW  iSHPX  LENGTH  37 

CORE  (FPlC.raLTt  <7549  .  |770>  USED  <2393  .  IS?) 


riPED  21  OUT  OF  56  PRODS 


LIST  Or  STLLA8LIS  AS  SJK  PAJPS  /  THPEt  CTCLES 


ST  Jn  Pax  /  PESP 
ST IM  CON  /  PfSP 
STjn  BEK  /  PESP 
ST m  LUO  /  PESP 
5T|n  CIT  /  PESP 
STln  LEO  /  PESP 

RIM  Tift  I  HJN. 


CON  /  PE  PLY  CP  / 
BEL  /  PEPIY  OK  / 
LUO  /  REPLY  OK  / 
CIT  /  REPLY  OK  / 
LEO  /  PEPIY  Ok  / 
PAX  /  REPLY  OK  / 

30.5  SEC 


EXAM 

TRY 

riPt 

IP1ACT 

t/r 

t/T 

T/r 

7S2 

232 

176 

761 

4.27 

3  24 

1.32 

0.120 

0.390 

0514 

0.119 

SEC  AVG 

451  INSERTS  310  DELETES  IS  WARNINGS  7  IffU  OBJECTS 
MAX  iSHPX  LENGTH  36 

CORE  (fPEE.rUL)i  <7763  .  17071  U5C0  (2179  .  215) 


rjpfo  33  out  or  40  prow 


STin  PAX  /  PEPLY  CIT  /  PESP  CON  /  REPLY  OK  / 

STtn  CON  /  PESP  BEK  /  PEPLY  OK  / 

ST  in  BEK  /  PESP  llO  /  RtPLY  »  / 

STIH  LUO  /  PESP  CM  /  REPLY  OK  / 

STIfl  CIT  /  PEPLY  LEO  /  PfSP  LEO  /  REPLY  OK  / 

ST IfT  LEO  /  REPLY  PA*  /  PESP  PAX  /  REPLY  OK  / 


RLM  TIME  I  HlN.  IB  I  SEC 


I.  (RCAOY)  mm  XI I  •>  (ADI  (ACA0YH  (PEACE  I  VC  XI  *M 
Z  (AEAOV)  ->  (ATTEND  trilfl 

J.  (REPLY)  -  (PESP)  •>  (ATTEND  RESA) 


4.  (RCP1V  XU  -  (ACSA  III  ->  (ACA  mi*  MC» 

*.  (acaly  in  (acsa  *u  •>  iSTori 

•  iusco)  itcst  xn  -  <rcsr  wi  •>  (*cr  usro  used*) 

7  DOT  XI)  (TEST  12)  1X3  X4  *»)  •>  IRE*  II)  X4  *>)) 

A.  (Ttsr  III  (TEST  121  -  IR-GCN)  ->  (OCR  (RCHY  III  ft-GCNI)  If*  III 

9.  -  (PCSA)  •>  (OCA  (REPLY  Y)l  (SAY  Y)  (ATTEND  PISA) 

19.  (RESA  XI)  -  CX2  M  AESP)  •>  (FtXCCIVC  X|  RESPI 

11.  (WRONG*  (TEST  X|)  (STlfl  XI)  •  (ft-GEN)  •>  (OCA  (R-ttNI) 

12.  (OLD  XI)  (A-GCNI  •>  (REP  OLD  COND)  (OCA  (HOLD  XII) 

13.  (USED  XI)  (USED* *  (R-GCN)  •>  (PEP  USCO  COND)  (OCR  (HOLD  Kill 

14.  (R~GCN>  (COND  (XI  *2  ’>)  (XI  12  RCSPl  •>  (PEN  (XI  X?  RCSAI1 

15-  (XI  X2  PCS A)  IPESA  X3)  (HW.  X4)  -  (DONE) 

•  >  (COND  (XI  X2  ■*))  (ACTION  *OLO>  (OCR  (REPLY  X)))  (SAY  1)1) 

(PAOO  (SAY  X4I  (TEST  X4))  (OEP  (OONCU 

16-  (USEO*  xn  •>  (PEA  USED"  COND) 

17.  (OLO)  (OONC )  -  (TEST)  •>  (PEP  OLO  COND) 

18-  (A-GENI  (HOLD  (XI  X2  >1) 

•  >  (PCM  (KXO  (XI  *2  *)))  (ACTION  (OEP  (XJ  X2  ’))) 

19.  (R-GCN)  (XI  12  PESP)  (ST|(T  X3*  (MPOW  X4) 

•  >  (ACTION  (OCP  (TEST  X)))l  (ACTION  (USLO)  (OEP  (XI  X2  ?))) 

(PROO  (KP  (TEST  13)))  (STOP) 

20.  (XI  12  *>)  (X3  X4  PESP)  ( ST  in  x$)  (WRONG  X6l 

•  >  (COND  (XI  12  Y)|  (ACTION  (USED)  IOEP  (13  X4  ’ll  (OEP  (TEST  IS))) 

(PROO  (SAY  XO)  (STOP) 


r. 
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Chapter  IV 


GPSR 

A  Production  System  Implementation  of  GPS 


Abstract.  This  chapter  describes  a  production  system  implementation  of  the  General 
Problem  Solver  (GPS),  a  well-Known  AI  program.  The  new  program,  called  GPSR,  consists 
of  over  200  productions  and  is  organized  along  the  lines  of  the  original.  The  impact  of 
using  production  systems  on  representation  and  control  is  discussed.  Tasks  given  to  GPSR 
are  expressed  largely  as  productions.  Consideration  of  the  representation  of  task 
knowledge  and  of  the  process  of  encoding  the  knowledge  constituting  GPSR’s  problem¬ 
solving  executive  brings  out  characteristics  of  production  systems  as  a  language.  The 
behavior  of  GPSR  compares  favorably  to  that  of  GPS,  and  it  is  contended  that  GPSR  would 
be  an  appropriate  vehicle  for  further  research,  with  respect  to  both  production  systems 
and  problem  solving. 


GPSR 
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A.  Introduction 


This  chapter  describes  a  production  system  (PS)  implementation  of  GPS,  the  general 
problem  solver  of  Newell,  Shaw,  Simon,  and  Ernst.  Of  the  many  versions  of  GPS  reported 
by  various  combinations  of  these  four  authors,  we  have  chosen  the  version  described  in 
Ernst  and  Newell  (1969).  The  present  version,  GPSR  (GPS  revisited),  is  implemented  in 
Psnlst,  for  the  purpose  of  exploring  the  use  of  PSs  as  an  Al  language.  However,  many 
issues  of  interest  to  pure  GPS  research  have  arisen  in  the  course  of  this  project,  and  they 
will  be  treated  in  the  appropriate  places  in  the  discussion. 

GPS  was  chosen  to  test  the  use  of  PSs  because  it  represents  the  broad  class  of  AI 
programs  that  solve  problems  using  the  heuristic  search  method.  GPS  is  the  most  serious 
effort  to  achieve  generality  of  approach;  the  Ernst  and  Newell  (1969)  version 
demonstrated  this  by  solving  simple  problems  in  widely  separated  task  domains,  including 
simple  symbolic  puzzles,  resolution  theorem-proving,  integral  calculus  problems,  parsing 
strings  from  a  phrase-structured  language,  and  letter  series  extrapolation.  Because  of  this 
generality,  interesting  representational  problems  are  certain  to  be  met.  GPS’s  problem¬ 
solving  executive,  which  coordinates  the  application  of  problem-solving  mothods  to  achieve 
goals,  is  probably  one  of  the  most  complex  of  the  programs  in  the  heuristic  search  class. 
Thus,  important  features  of  control  and  representation  in  PSs  will  be  brought  out  by  this 
study.  Furthermore,  GPS  has  been  used  as  a  vehicle- for  studying  human  problem  solving 
(Newell  and  Simon,  1972),  so  that  its  implementation  as  a  PS  may  provide  psychological 
Insight  and  support  for  PSs  as  a  model  of  the  human  control  structure.  Finally,  heuristic 
search  and  particular  features  of  GPS  have  been  used  recently  as  a  basis  for  several  AI 
languages  (Planner,  QA4,  Conniver,  Popler),  so  that  it  will  be  useful  to  view  GPS  as  a 
language  or  programming  system,  or  at  least  to  consider  the  ways  in  which  GPS  might 
adapt  itself  to  particular  tasks,  a  more  dynamic  (automatic  programming)  process  with 
active  participation  of  the  language  system  in  the  problem  solving  process. 

GPS  went  through  a  lengthy  evolution,  as  described  in  Ernst  and  Newell  (1969b  that 
work  includes  a  complete  bibliography.  The  version  that  GPSR  mimics  was  more  general 
than  previous  versions  in  its  internal  representation  and  in  the  flexibility  of  its  problem¬ 
solving  methods,  but  some  advantages  were  lost  as  it  evolved.  For  instance,  some  of  the 
special  features  for  matching  and  manipulating  arithmetic  expressions  were  abandoned 
(temporarily).  GPSR  has  made  only  minor  attempts  to  innovate,  due  to  its  comparison- 
oriented  purpose,  but  it  is  hoped  that  the  version  of  GPS  that  it  encodes  is  suitable  for 
further  GPS  work.  Some  support  for  that  hope  will  be  given  below. 

GPSR*  solves  problems  in  a  way  significantly  better  than  trial-and-error  search:  it 
uses  what  is  called  means-ends  analysts  to  focus  attention  on  essential  aspects  of 
problems,  with  the  result  that  its  behavior  has  some  semblance  of  intelligence.  A  problem 
is  stated  as  finding  a  way  to  transform  an  initial  state  to  some  desired  state  (or  set  of 
states)  by  manipulations  defined  by  problem  operators,  given  along  with  the  problem 


•  I  will  use  "GPSR"  in  the  following  introductory  descriptions,  with  the  understanding  that 
"GPS”  could  be  used  just  as  correctly;  any  differences  between  the  two  will  be  made 
explicit. 
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statement.  Means-ends  analysis  uses  a  matching  process  to  determine  how  the  present 
problem  state  is  different  from  the  desired  state;  it  subdivides  the  task  of  reducing  the 
differences  between  the  two  states  into  reducing  the  hardest  ones  and  then  working  on 
the  easier  ones  that  remain  after  the  hard  ones  are  eliminated.  To  accomplish  this,  it  must 
be  clear  what  the  means  are  for  obtaining  specific  ends  (reducing  specific  differences). 
These  means-ends  connections  are  supplied  to  GPSR,  along  with  hints  as  to  which 
differences  are  likely  to  be  hardest  to  reduce,  and  it  remains  for  GPSR  to  carry  out  the 
bulk  of  the  manipulations  in  solving  the  problem. 

An  example  of  a  problem  for  which  this  approach  is  suitable  is  the  Tower  of  Hanoi 
problem,  a  puzzle  consisting  of  three  fixed  pegs  and  a  set  of  disks  of  varying  sizes  that  fit 
on  the  pegs,  where  the  problem  is  to  move  the  disks  according  to  a  restrictive  set  of  rules 
from  one  peg  to  another.  The  rules  prohibit:  moving  more  than  one  disk  at  a  time,  placing 
a  disk  on  top  of  a  smaller  disk,  and  moving  any  but  the  topmost  disk  on  a  peg.  This  is 
diagrammed  (for  the  four-disk  case)  in  Figure  A.l. 
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Figure  A.1  The  Tower  of  Hanoi  puzzle 


The  statement  of  the  problem  for  GPSR  consists  of:  a  description  of  the  initial  and  desired 
state;  the  statement  that  the  problem  is  to  transform  the  initial  state  to  the  desired  state 
using  the  MOVE:DI$K  operator;  the  description  of  that  operator,  including  the  restrictive 
rules  given  above;  and  the  extra  information  that  it  is  harder  to  move  disk  4  than  it  is  to 
move  disk  3,  disk  3  is  harder  than  2,  and  2  harder  than  1. 

GPSR  starts  by  formulating  the  problem  as  a  goal  to  transform  the  initial  state  to 
the  desired  state.  It  proceeds  by  matching  the  initial  state  to  the  desired  state,  noting 
that  disk  4  is  the  hardest  difference  to  be  reduced,  and  dividing  the  initial  problem  into 
two  subgoals,  the  first  being  to  move  disk  4  from  peg  1  to  peg  3,  the  second  being  to 
move  the  rest  of  the  disks.  When  the  first  subgoal  is  attempted,  however,  it  is  discovered 
that  disk  4  cannot  be  moved  until  disks  1,  2,  and  3  are  somewhere  other  than  peg  1;  so  it 
further  subdivides  the  problem,  establishing  a  subgoal  to  move  disks  1,  2,  and  3  to  some 
other  peg.  We  can  see  that  this  subgoal  is  similar  to,  but  easier  than,  the  original, 
involving  fewer  disks  to  be  moved.  GPSR  in  fact  attacks  it  in  a  similar  manner,  saving  the 
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previous  problems  it  encountered  until  this  sub-problem  is  solved.  It  is  evident  that  In 
stating  the  problem  as  described  above,  a  good  deal  of  the  work  has  been  left  to  GPSRi  it 
is  this  kind  of  work  that  is  considered  to  be  the  primary  component  of  problem-solving  in 
the  GPS  framework. 

This  chapter  presents  GPSR  at  several  levels  of  detail.  Section  B  gives  an  overview 
of  the  pieces  of  GPSR  and  how  they  fit  together.  It  then  contrasts  GPSR  and  GPS  at  an 
abstract  description  level,  and  surveys  how  PSs  affected  the  design  of  GPSR.  Section  C 
goes  into  considerably  more  detail:  it  contains  an  example  of  the  program  working, 
describes  the  sets  of  productions  (Ps)  in  the  program,  and  gives  meanings  for  the 
predicates,  the  primitive  components  of  the  Ps.  Section  D  gives  a  justification  for  the 
tasks  chosen  as  tests  for  GPSR,  and  then  discusses  the  behavior  of  GPSR  on  the  Monkey 
and  Bananas  task,  on  the  Tower  of  Hanoi  task,  and  on  the  Missionaries  and  Cannibals  task. 
Section  E  discusses  PS-related  features  of  GPSR,  and  gives  the  conclusions  on  PSs  to  be 
drawn  from  its  implementation.  Section  F  gives  features  of  GPS  that  were  elucidated  by 
the  experiments.  It  discusses  features  of  GPS  that  are  useful  for  other  problem-solving 
programs,  and  outlines  limitations  of  GPS  and  difficulties  with  extant  descriptions  of  GPS. 
Section  G  points  out  topics  for  further  research,  from  both  the  GPS  and  PS  standpoints. 
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B.  An  Abstract  Description  of  GPSR 


8.1.  An  overview  of  GPSR’s  components 

Ernst  and  Newell  (1969,  page  8)  presented  the  simplified  prototype  of  a  problem 
solver  in  Figure  81. 
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Figure  B.1  Prototype  problem  solver 


For  our  purposes,  it  is  useful  to  translate  this  schematic  diagram  into  the  PS-JIke 
representation  in  Figure  B.2. 


PP1:  external  problem  &  not  represent  ->  represent  &  translate  6-  solve; 

PP2:  external  problem  &  represent  ->  external  representation  of  task: 

PP3:  translate  &  external  representation  gf  task  ->  internal  representation  gf  task; 
PP4:  solve  &  internal  representation  gf,  task  &  applicable  techniques  ->  solution; 

Figure  B.2  VAPs  for  the  prototype  problem  solver 
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There  are  several  points  to  be  noted  in  this  figure.  The  arrows  in  PP2,  PP3,  end 
PP4  correspond  loosely  to  the  three  arrows  in  the  block  diagram.  PPl  represents  the 
essumed  step  of  recognizing  the  existence  of  a  problem  and  deciding  to  proceed  according 
to  the  stereotyped  sequence  “represent  &  translate  &  solve”.  PP2’s  arrow  represents  the 
"Representor",  PP3’s  arrow,  the  "Translator",  and  PP4's  arrow,  the  "Solver".  The  control 
flow  represented  by  the  arrows,  then,  strictly  speaking  has  been  mapped  to  the  explicit 
control  signals,  "represent",  "translate",  and  "solve".  There  is  assumed  in  the  interpreter 
of  these  rules  a  mechanism  for  ordering  events,  so  that  the  "represent"  signal  is  attended 
to  before  the  "translate",  and  so  on.  But  it  is  also  the  case  in  this  example  that  the  event 
order  is  not  important  <in  later  rule  sets  it  will  be).  What  is  important  is  that  each  rule 
responds  to  an  emerging  situation  in  the  presence  of  a  control  signal  (which  in  general 
becomes  necessary  when  global  goals  establish  different  modes  of  response  to  similar 
emerging  data). 

The  entities  of  Figure  B.2  will  be  called  very  abstract  Ps  (VAPs).  A  VAP  consists  of 
e  condition  and  an  action,  but  the  components  of  these  are  abstract,  of  two  types.  The 
first  type  is  close  to  what  it  would  be  in  an  ordinary  P,  namely,  it  is  a  type  for  specific 
signals;  this  type  is  not  underlined.  Entities  of  the  second  type  represent  considerable 
abstraction  and  compression,  super-conditions  and  super-actions,  as  it  were;  these  are 
underlined.  A  super -condition  may  require  many  condition  elements  to  represent  it,  it  may 
span  many  cases,  requiring  in  actuality  many  Ps  to  represent  it,  and  it  may  require  many  P 
firings  to  develop  it  dynamically.  Likewise,  a  super-action  may  represent  many  action 
elements,  and  it  may  require  many  Ps  to  effect  it.  For  example,  in  PPl,  "external  problem" 
represents  the  full  collection  of  external  objects  and  attributes  that  make  up  a  problem 
situation;  "not  represent"  means  the  absence  of  the  "represent"  signal;  and  three  signals 
"represent",  "translate",  and  "solve"  are  asserted.  PP2  expresses  the  process  of 
representing  the  external  problem,  and  is  a  considerable  abbreviation. 

In  the  remainder  of  this  section,  VAPs  are  used  to  represent  very  concisely  a  broad 
outline  of  the  processing  done  by  GPSR.  VAPs  will  indicate  the  interactions  of  GPSR’s 
components  and  their  gross  behavior  rather  than  giving  their  internal  details.  In  Section  C, 
abstract  Ps  (APs)  are  used  to  elaborate  internal  details  of  the  components.  Syntactically 
VAPs  and  APs  are  quite  similar,  but  APs  are  definitely  closer  to  the  actual  Ps.  In  APs  the 
number  of  rules  and  their  structuring  into  related  sets  is  much  closer  to  the  actual  Ps  than 
for  VAPs.  The  signals  used  in  APs  correspond  very  closely  to  actual  program  predicates, 
whereas  components  of  VAPs  are  rather  loose  expressions  of  content.  The  APs  generally 
correspond  to  VAPs  in  that  super -conditions  and  super-actions  in  VAPs  are  expanded  into 
APs  and  into  component  signals.  A  similar  further  elaboration  occurs  between  APs  end 
actual  Ps. 

Before  continuing,  there  are  several  features  of  the  syntactic  and  meaning 
conventions  of  VAPs  and  APs  that  are  worth  noting.  (The  reader  may  want  to  skim  this 
and  refer  back  to  it  when  necessary.)  VAPs  have  names  with  two  capital  letters  followed 
by  a  number,  e.g.  PP3,  EX1.  APs  have  names  that  correspond  to  groups  of  Ps  in  GPSR, 
that  is,  a  capital  letter  followed  by  a  number,  with  a  lower-case  letter  suffix.  For  instance, 
FOb  is  the  b"th  AP  in  a  set  corresponding  to  the  O’th  group  of  F  Ps,  the  ones  with  numbers 
leas  than  10.  Occasionally,  one  AP  spans  a  full  set,  so  that  it  is  tagged  using  ms",  e.g.  T’s; 
this  is  also  used  in  the  text  to  refer  to  a  set  of  APs,  e.g.  M20's.  "7."  is  used  as  a  comment 
character.  Arguments  to  elements  are  sometimes  given,  in  parentheses,  as  an  unsystematic 
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clarification  to  the  meaning.  In  general,  only  assertion  of  signals  and  super-actions  is 
shown;  the  reader  is  expected  to  be  able  to  follow  the  flow  sufficiently  well  to  Know  that 
entities  are  deleted  appropriately  to  avoid  looping,  needless  repetition,  and  conflicts.  The 
implicit  ordering  of  RHS  assertions  in  the  event-based  :SMPX  of  Psnlst  will  also  serve 
occasionally  to  control  the  flow.  A  common  form  of  element  is  a  selection  from  a  set, 
which  is  denoted  either  by  using  a  superlative  adjective  in  a  super-condition,  by 
“arbitrary"  in  a  super -condition,  or  by  "select"  in  a  super-action.  An  RHS  of  a  VAP  may 
use  "OR"  to  indicate  that  one  of  a  set  of  alternative  action  sequences  is  done, 
dependending  on  conditions  that  are  not  stated  explicitly  in  the  LHS.  That  is,  it  is  an 
abbreviation  for  writing  several  VAPs,  with  a  further  elaboration  of  the  LHS  for  each  of 
the  RHS  disjuncts.  If  an  LHS  of  a  VAP  contains  "OR",  it  is  understood  to  be  an  abbreviation 
for  writing  each  disjunct  as  a  separate  LHS  with  the  common  RHS.  Finally,  ms"  is  used  to 
imply  that  a  set  (conjunction)  of  elements  is  used  in  the  LHS  match  or  to  imply  that  a  set  is 
asserted  by  the  RHS;  e.g.,  "location-link’s"  for  “location-link  &  location-link  &  location-link". 

All  of  GPSR  is  represented  by  the  fourth  VAP  in  Figure  B.2.  GPS  contained  a 
version  of  the  third  VAP,  but  the  external  representation  was  in  that  case  already  the 
result  of  human  translation.  As  illustrations  of  systems  comprising  all  four  VAPs,  take  the 
robotics  problem  solvers,  or  systems  that  take  natural  language  input;  in  both  areas 
present  levels  of  achievement  are  rudimentary. 


7  Problem-Solving  Executive;  corresponds  to  24  Ps  7. 

EX1;  focus-on-particular-goal  &  goal  -subgoal  -network  &  goal-status 

->  select-method  OR  shift-focus-to-another-goal  OR  propagate-success 
OR  propagate-failure; 

7.  Method-Selection;  5  Pr  r. 

MSI:  select-method  &  goal-attributes  >  specific-goal-method; 

7.  Method  Execution;  188  Ps  7. 

MS2:  specific-goal-method  &  goal-uttributes  &  internal-repr-of-task 
->  success  OR  failure  OR  new-subgoals-and-status; 

where  specific-goal-method  *  (transform-method,  reduce-method,  moveop-method}, 
goal-status  ■  (success,  failure,  evaluate-new]. 

Figure  B.3  VAPs  for  the  essence  of  GPSR 


Figure  B.3  gives  some  VAPs  for  the  overall  operation  of  GPSR.  The  main  control  in 
GPSR  lies  in  an  executive,  whose  function  is  to  use  present  status  and  past  history,  stated 
in  terms  of  goals,  to  determine  what  to  do  to  drive  the  problem-solving  process  towards  a 
solution.  The  executive  has  at  its  disposal  a  set  of  methods  for  attaining  goals,  and  it  uses 
a  tree  structure  that  interrelates  goals  and  their  results  to  decide  how  to  proceed,  both  in 
the  selection  of  methods  to  work  on  new  goals  and  in  deciding  how  to  use  the  results 
achieved  by  the  methods.  The  methods  in  turn  are  composed  of  control  decisions  and  a 
set  of  processes  used  potentially  by  more  than  one  method;  they  work  with  the  internal 
task  representation  and  with  information  connected  to  particular  goals. 
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Executive 

Interrelationships  of  goals  (EXI) 

Canonization  of  goals  (EXi) 

Methods  (EXI,  MSI) 

Internal  representation  of  tasK  (MS2) 

Attributes  of  goals  (MS2) 

Processes  (MS2) 

Object  comparison  and  difference  (TM2,  MD1) 

Canonize  loc -progs  to  name  differences  (TM3) 

Operator  application  and  difference  (TA1,  TA2) 

Find  locations  in  objects  [QA’s,  F$] 

Apply  transformations  [QA's,  T’s] 

Operations:  for  GPSR:  ADD! INK,  REM:LINK, 

1NCR:L1NK,  DECR:LINK,  C0PY11NK; 
for  GPS:  COPY,  DECREASE,  INCREASE, 

MOVE,  MOVE-FUNCTION,  REMOVE. 

Apply  tests  [QA’s] 

Relations:  for  GPSR:  encoded  directly  in  Q  Psi 

for  GPS:  FOR-ALL,  PARTICULAR,  CONSTRAINED-MEMBER, 
DEFINED,  EQUALS,  EXCLUSIVE-MEMBER, 
GREATER-THAN,  IN-THE-SET,  LESS-THAN, 

TRUE,  and  negations  of  all  of  the 
preceding  except  the  first  two. 

Canonize  loc-progs  for  operator  differences  [Fs] 

Canonize  objects  resulting  from  operators  [F’s] 

Desirability  and  feasibility  selection  (RMi) 

Connect  differences  and  operators  [M30’s] 

Apply  loc -prog  to  TABLE:CONN 
Connect  variables* differences,  and  transformations  [M30’s] 
Canonize  desired  assignments  [M30’s] 

Evaluate  differences  (TM3) 

Apply  loc -prog  to  DIFFiORDER 

Discriminate  on  the  value  of  the  difference  [D’s] 

Key:  entities  in  ()’s  are  VAPs,  given  in  figures  in  Section  B; 
in  [ps,  APs,  given  in  figures  in  Section  C. 

Figure  B.4  The  components  of  GPSR 


The  full  structure  of  GPSR  can  be  described  in  terms  of  a  set  of  processes  and 
representations.  Figure  B.4  shows  by  outline  format  the  containment  and  organizational 
association  of  these  elements.  The  executive  uses  three  main  GPSR  elements:  information 
on  goals,  the  goal  canonization  process,  and  the  methods.  The  methods  use  processes  that 
are  described  in  terms  of  entities  from  the  task  environment  established  by  the  external 
representation  of  the  problem.  For  instance,  there  are  processes  to  compare  objects 
(representing  problem  states)  and  to  find  differences  between  them;  there  are  processes 
that  apply  the  given  operators  to  objects  (problem  states)  to  produce  new  ones;  and  so 
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on.  Most  of  the  elements  of  the  prucesses  are  relatively  lovMevel  functions,  but  ere 
stated  in  non-GPSR-specific  terms.  The  references  to  "apply  loc-prog"  are  the  only 
exceptions,  because  they  are  implementation-dependent.  Details  on  the  processes  will  be 
brought  out  in  the  discussion  in  succeeding  sections  of  this  chapter. 

The  portion  of  GPSR  that  gives  it  its  distinctive  character  is  neither  the  executive 
nor  the  specific  symbolic  processes,  but  its  collection  of  problem-solving  methods.  GPSR's 
repertoire  of  methods  is  smaller  than  that  of  GPS  (GPSR  can  do  fewer  tasks),  but  the 
general  flavor  is  maintained.  GPSR  has  three  methods  and  two  submethods:  the  Transform 
method,  the  Reduce  method,  the  Move-Operator  method,  the  Try-Apply  submethod,  and  the 
Match-Diff  submethod*.  VAPs  for  these  are  given  in  Figure  B.5;  those  VAPs  expand  MS2 
in  Figure  B.3.  The  Transform  method  has  as  its  function  to  transform  an  actual  object  into 
a  desired  object.  If  the  two  objects  are  not  the  same  to  begin  with,  it  must  use  the 
Match-Diff  submethod  to  find  differences  between  the  two  objects,  it  must  decide  which 
difference  is  the  most  difficult,  and  then  it  must  set  up  subgoals  to  reduce  that  difference 
in  the  actual  object  and  to  transform  the  result  of  that  reduction  into  the  desired  object. 
The  Reduce  method  connects  the  difference  to  be  reduced  with  a  set  of  operators  that 
might  reduce  it;  it  then  evokes  the  Try-Apply  submethod  to  try  to  apply  a  member  of  the 
set.  The  Move-Operator  method  has  as  its  objective  to  apply  a  move  operator  (perhaps 
only  partially  specified)  to  an  object.  It  may  be  that  an  operator  difference  (a  difference 
that  blocks  the  operator’s  application)  has  already  been  determined  by  the  parent  goal,  in 
which  case  a  sequence  of  subgoals  is  set  up,  one  to  reduce  that  difference  and  one  to 
apply  the  operator  to  the  result  of  the  reduction.  On  the  other  hand,  if  no  operator 
difference  has  been  determined,  the  Try-Apply  submethod  is  evoked  to  test  the  operator’s 
applicability.  The  Try-Apply  submethod  is  given  a  set  of  move  operators,  with  variable 
assignments  specified,  and  an  object;  it  is  to  determine  whether  any  of  the  operators  can 
be  applied  to  the  object,  and  if  not,  to  determine  the  features  of  the  'bject  that  block  the 
application.  In  general,  each  application  failure  produces  a  set  of  differences;  of  these,  the 
hardest  is  saved  and  the  others  discarded.  Then  the  result  of  Try-Apply  is  to  select  from 
these  hardest  differences  the  easiest,  since  that  is  most  likely  to  succeed,  and  to  carry  on 
with  it,  sprouting  the  appropriate  subgoals.  Finally,  the  Match-Diff  submethod  has  the 
function  of  comparing  two  structured  objects,  generating  a  set  of  all  the  differences  found 
at  corrsponding  places  in  the  two  objects.  How  objects  are  represented  will  be  discussed 
below,  and  at  that  time  it  will  become  clearer  how  Match-Diff  works  and  how  its  results 
are  expressed. 

The  kinds  of  goal  relationships  that  these  methods  give  rise  to  are  presented  in 
Figure  B.6.  Vertical  or  diagonal  lines  are  subgoal-supergoal  relationships,  while  horizontal 
ones  indicate  the  antecedent-goat  relationship.  The  notation  "may  succeed  directly” 
indicates  that  the  subordinate  structures  may  not  be  necessary,  depending  on  local 
favorable  conditions. 

A  variety  of  data  structures  are  required  for  GPSR.  Objects,  which  represent 
complete  problem  states,  are  represented  as  trees,  with  a  top  node  linked  to  subordinate 
nodes  by  named  (task-dependent)  relations,  and  with  values  at  terminal  nodes.  A  path 


•  GPSR  does  not  have  any  equivalent  of  the  Form-Operator,  Form-Operator-to-Set,  Set- 
Operator,  Two-Input-Operator,  and  Select-Best-Members  methods;  the  remaining  GPS 
methods  are  incorporated  into  the  executive,  as  discussed  in  the  next  subsection. 
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t  Transform  method;  14  actual  Ps  t 
TM1:  transform-method  A  obiects-have-same-name  ->  succeed; 

TM2:  transform-method  A  not  obiects-have-same-name  ->  match-diff  ft  check-match-result; 
TM3;  check-match-result  &  hardest-diffr-between-obiects 

->  create-subeoal-to-reduce-diffr  &  transform-that-result; 

t  Reduce  method;  20  Ps  7. 

RMl:  reduce-method  &  diffr-to-be-reduced  &  oor-to-reduce-diffr’s 
&  internal-reor-of-opr’s 

->  try-apply-opr  ft  opr-with-desired-and-feasible-assienments’s: 

7.  Move-operator  method;  6  Ps  7. 

MOl:  moveop-method  A  opr-diffr-given 

->  create-subeoal-to-reduce-diffr  &  apply-opr-to-that-result; 

M02:  moveop-method  A  not  opr-diffr-given  ->  try-apply-opr; 

t  Try-Apply  submethod;  19  Ps  7. 

TA1:  try-apply-opr  A  opr-immediate-applicable  ->  succeed; 

TA2:  try-apply-opr  A  submethod-of-reduce-method  A  easiest -hardest -Qpr-diffr 
->  create-subeoal-to-apply-opr-eiven-that-opr-diffr; 

TA3:  try-apply-opr  A  submethod-of-moveop-method  A  easiest -hardest-oor-diffr 
->  create-subeoal-to-reduce-that-opr-diffr  A  apply-opr-to-that-result; 

7.  Match-Diff  submethod;  1 1  Ps  7 

MD1;  match-diff  A  objects-to-be-matched  ->  diffr-between-obiects*s; 

diffr  ■  difference;  opr  ■  operator;  repr  •  representation; 
inputs  from  executive:  transform-method,  reduce-method,  moveop-method; 
outputs  to  executive:  succeed  (fail  not  shown),  transform-that-result, 
apply-opr-to-that-result; 

Figure  B.5  VAPs  for  GPSR’s  methods 


from  the  top  node  to  a  terminal  is  given  by  a  list  of  the  links  along  the  path;  this  link  path 
is  called  a  loc-prog.  Differences  are  expressed  by  giving  a  loc-prog  plus  two  contrasting 
values,  one  of  which  is  the  actual  value  in  an  object  and  the  second  of  which  is  the  desired 
value,  or  the  corresponding  value  in  the  matched  object.  For  instance,  in  the  Tower  of 
Hanoi  object,  the  hardest  difference  detected  in  matching  the  initial  object  and  the  desired 
object  (Figure  A.l)  is  that  at  location  (PEG3  DISK4)  there  is  nothing,  UNDEF,  where  the 
desired  value  is  YES;  in  other  words,  the  largest  disk  is  not  on  the  third  peg  which  is  its 
desired  location. 

Goals  in  GPSR  are  names  with  sets  of  associated  properties.  All  goals  have:  an 
actual  object;  a  supergoal,  from  which  the  goal  was  derived;  a  marker  giving  the  goal  type 
(transform,  reduce,  or  apply);  and  a  numerical  difficulty  value  (defined  later).  In  addition,  a 
transform  goal  has  a  desired  object,  and  it  may  have  an  antecedent  goal  (see  Figure  B.6). 
A  reduce  goal  has  a  difference  to  be  reduced,  in  addition  to  the  common  properties.  An 
apply  goal  has  an  operator  to  be  applied  and  a  desired  assignment  for  that  operator’s 
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transform  (may  succeed  directly) 


reduce 

^try-apply  (may  succeed  directly) 

apply 


Transform 


opr  diffr  fr^m 
try-appl 
reduce' 


apply  (no  opr  diffr) 


try-appK 

(may  succeed  directly) 
reduce 


apply  (no  opr  diffr) 


opr  diffr  a  operator  difference. 

Figure  6.6  The  varieties  of  goai-subgoal  structure 


variables;  it  may  have  an  antecedent  goal,  and  it  may  be  given  an  operator  difference  to 
be  reduced.  A  desired  assignment  is  a  partial  or  full  assignment,  a  set  of  simple 
associations  of  values  with  move-operator  variables. 

GPSR  canonizes  three  types  of  data  structures:  objects,  loc-progs,  and  desired 
assignments.  The  canonization  process  is  necessary  to  facilitate  the  recognition  of 
repeated  goals;  a  goal  with  the  same  attributes  as  some  previous  goal  (except  supergoal 
and  antecedent-goal  properties)  is  abandoned  to  avoid  loops  in  the  search.  Goals 
themselves  are  not  canonized  because  of  their  uniform  task-independent  representation, 
but  are  recognized,  if  repeated,  by  a  special-purpose  set  of  Ps.  The  three  entities  thet 
are  canonized  are  dissimilar,  but  the  Ps  to  achieve  the  canonization  can  all  be  described 
by  the  VAPs  in  Figure  8.7. 


7.  Canonization;  loc-progs,  6  Ps,  objects,  34  Ps,  desired  assignments,  9  Ps  Z 
CA1:  file-entity  ->  test-entity-net  4  check-net-test-result; 

CA2:  check-net-test-result  &  entity-present  ->  old-entity; 

CA3:  check-net -test -result  &  not  entity-present  ->  add-new-entitv-to-net; 

t  entity  net  7. 

Ehll:  test-entity-net  4  entity-matching  ->  entity-present; 

Figure  B.7  VAPs  for  canonization  processes 


The  entities  are  stored  in  a  recognition  network  inspired  by  EPAM  (Feigenbaum,  1963). 
That  is,  a  network  is  constructed  to  recognize  occurrences  of  known  objects.  The 
recognition  may  be  exact,  or  partial,  based  on  a  proper  subset  of  features  of  an  object;  in 
the  latter  case,  further  matching  must  be  done  on  the  candidates  proposed  by  the 
network. 


We  have  now  discussed  the  top  four  levels  in  the  outline  of  GPSR  components  In 
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Figure  0.4,  tying  thorn  together  by  specifying  an  abstract  model  of  GPSR.  The  detail  of  the 
lower  levels  will  be  discussed  in  Section  C.  The  main  differences  between  GPSR  and  GPS 
can  be  dealt  with  at  the  abstract  model  level,  which  we  now  proceed  to  do. 


0.2.  A  comparison  of  GPSR  and  GPS 

The  major  difference  between  the  methods  of  GPSR  and  those  of  GPS  is  in  the  way 
the  Trv-Applv  submethod  works.  GPSR  tries  all  of  the  ways  of  applying  an  operator,  as 
given  by  the  possible  feasible  assignments,  and  then  selects  the  easiest  way  to  proceed; 
that  is,  it  finds  all  of  the  possible  operator  differences  before  proceeding.  The  exception 
to  this  is  in  case  an  operator  applies  to  an  object,  with  no  difference  produced,  in  which 
case  the  goal  that  Try-Apply  is  working  on  succeeds.  In  the  analogous  situation,  GPS  tried 
to  apply  an  operator  until  an  operator  difference  of  tolerable  difficulty  was  found,  and 
proceeded  to  work  on  that  without  searching  for  other,  possibly  easier,  differences  (see 
Ernst  and  Newell,  1969,  p.  111).  In  principle,  the  GPS  approach  is  more  conservative, 
since  there  is  no  guarantee  that  an  undesirable  number  of  assignments  might  not  have  to 
be  tried,  to  find  all  of  the  operator  differences.  In  practice,  this  limitation  is  inoperative; 
the  largest  number  of  feasible  assignments  generated  by  GPSR  tasks  at  one  time  was  five. 
The  reason  for  this  difference  is  probably  the  accidental  historical  development  of  GPS. 
The  construction  of  GPSR  took  advantage  of  the  hindsight  provided  by  the  implementors  of 
GPS;  the  modification  seemed  to  be  reasonable  and  an  interesting  one  to  try.  Furthermore, 
as  it  is  currently  implemented,  it  would  be  easy  to  convert  GPSR  to  the  more  conservative 
strategy.  In  fact,  there  seems  to  be  little  difference  attributable  to  this  decision,  at  the 
external  behavior  level  (the  tasks  given  to  GPS  and  GPSR  do  not  exercise  this  capability  - 
there  is  no  room  for  serious  mistakes  or  gains  within  those  simple  tasks). 

Several  differences  between  GPS  and  GPSR  deal  with  the  problem-solving  executive. 
The  executive  in  GPSR  incorporates  four  bodies  of  expertise  that  were  described  as 
methods  in  GPS:  the  Try-Old-Goals  method,  the  Antecedent-Goal  method,  the  Expanded- 
Transform  method,  and  the  Transform-Set  method.  These  all  deal  with  selecting  goals  for 
further  effort,  and  thus  are  intimately  connected  with  the  executive.  In  fact,  all  but  the 
Antecedent-Goal  method  are  separable,  comprising  a  total  of  about  6ix  Ps;  there  is  no 
reason  why  they  should  be  tied  into  the  method-selection  process  instead  of  being  evoked 
directly  by  other  executive  Ps.  The  Antecedent -Goal  method  deals  with  the  selection  of 
an  antecedent  of  a  goal  in  case  of  failure;  this  is  so  closely  related  to  selecting  the  super¬ 
goal  of  a  goal  under  the  same  circumstances  (a  function  of  the  executive  in  GPS)  that  the 
decision  to  merge  it  into  the  executive  is  justified.  The  only  alternative  would  be  to 
remove  all  goal-selecting  expertise  from  the  executive,  collecting  it  into  methods;  this  in 
fact  is  the  logical  extension  of  the  principles  that  GPS  seems  to  embody  in  part  in  the 
construction  of  its  methods. 

GPSR  has  nothing  corresponding  to  the  method  language  of  GPS.  That  language  was 
interpreted  by  the  executive;  the  methods  expressed  in  the  language  communicated  with 
the  executive  by  means  of  specific  signals;  and  in  some  cases  the  executive  could  nest 
invocations  of  various  method-language  routines  in  a  recursive  way,  suspending  one  to 
descend  into  another,  and  then  returning  to  the  original  routine,  to  continue  to  its  next 
step.  There  is  one  place  in  GPSR  where  that  form  of  sequencing  of  steps  of  a  method  is 
found  to  be  necessary;  in  sequencing  the  creation  of  antecedent-succedent  goal  pairs,  for 
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Instance  a  reduce  goat  followed  by  an  apply  goal  using  the  result  of  the  reduce.  In  GPSR. 
this  was  simply  implemented  as  a  data  signal  indicating  the  course  of  action  on  the  success 
of  the  antecedent  goal.  If  the  antecedent  failed,  that  signal  would  not  be  used,  and  the 
executive  would  have  no  need  to  pop  itself  out  of  a  level  of  method  code.  (I  am  imposing 
an  Interpretation  on  how  GPS’s  executive  worked  that  may  not  correspond  to  actual 
implementation  details;  it  is  based  on  figure  12  in  Ernst  and  Newell,  pp.  44-45.) 
Regardless  of  the  mechanics  of  its  interpretation,  the  method  language  did  give  GPS  a 
useful  descriptive  character.  GPSR's  methods  are  expressed  directly  as  Ps;  the  level  at 
which  the  programming  is  done  is  similar  to  that  of  GPS’s  method  language,  although  at 
many  points  the  Ps  must  be  concerned  with  more  of  the  details  of  the  data  structures 
involved.  In  fact,  the  VAPs  used  above  to  describe  GPSR’s  methods  correspond  more 
favorably  to  the  method  language.  We  have  noted  above  the  numbers  of  Ps  corresponding 
to  the  VAPs  given;  we  will  see  below  how  the  VAPs  and  Ps  actually  correspond  (Section 
C). 


GPSR  assigns  difficulties  to  goals  differently  from  GPS,  and  its  propagation  of 
difficulties  to  related  goals  is  slightly  different.  Difficulties  are  used  to  ensure  that 
progress  is  maintained:  proceeding  from  a  goal  to  one  that  is  more  difficult  is  not  allowed 
(although  the  rejected  goal  may  be  selected  later  as  part  of  the  Try-Old-Goals  method,  but 
then  only  if  no  easier  goals  are  available).  Difficulties  originate  from  goals  that  nave 
differences  associated  with  them,  and  are  propagated  to  some  of  the  goals  adjoining  them 
in  the  goal-subgoal  network.  The  numerical  scheme  used  in  GPSR  to  evaluate  differences 
(see  the  end  of  Section  C.2)  is  not  the  same  as  in  GPS,  based  on  behavioral  differences: 
GPSR  sometimes  rejects  goals  as  too  difficult  (see  Section  D.5)  where  GPS  doesn’t.  Ernst 
and  Newell  do  not  describe  their  exact  difference-evaluation  formula.  With  respect  to 
propagation  of  difficulties  from  goals  with  differences,  GPSR  and  GPS  propagate  them  from 
subgoals  to  supergoals,  but  GPSR  also  propagates  from  antecedent  goals  to  their 
consequents.  This  difference  combines  with  the  difference  in  difficulty  evaluation  to 
produce  behavioral  differences. 

Objects  are  represented  differently  in  GPSR.  As  described  above,  objects  are 
simply  frees;  the  links  between  nodes  in  the  trees  are  totally  task-dependent;  they  are 
also  uniform.  GPS,  on  the  other  hand,  distinguished  between  known  links,  used  by  the 
system  over  all  tasks,  and  task-dependent  ones.  It  also  referred  to  some  subtrees  as  local 
description  lists.  These  distinctions  no  doubt  arose  from  the  internal  representations  used: 
Psnlst  is  limited  to,  at  best,  imitating  a  description  list  by  a  set  of  associations;  the  uniform 
tree  representation  chosen  is  a  good  way  to  do  this.  The  known  links  used  by  GPS  were 
"first",  “second",  etc.  These  were  strictly  ordered  for  GPS,  whereas  GPSR’s  trees  have  no 
such  order.  Order  is  not  necessary  in  GPSR,  since  all  objects  for  tasks  given  to  GPSR  are 
fixed  in  format,  so  that  corresponding  links  are  always  found  in  two  objects,  and  there  are 
no  alternatives.  The  transition  to  more  general  objects  would  require  more  care  in  the 
matching  process  to  place  the  right  branches  of  trees  in  correspondence  (to  be  discussed 
in  more  detail  in  Section  G). 

The  canonization  of  the  various  data  structures  is  more  varied  and  specialized  in 
GPSR  than  in  GPS.  It  is  impractical  to  use  a  single  type  of  data  structure  to  represent  the 
various  entities  that  need  to  be  recognized  (goals,  objects,  desired  assignments,  and  loc- 
progs)  because  Psnlst’s  single-level  representation  and  limited  match  indirection  prohibit 
the  effective  use  of  a  representation  with  the  requisite  structure  and  generality.  The 
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representation  doesn’t  allow  nested  structure,  but  instead  gets  structure  indirectly  by 
naming  a  node  in  a  structure  and  attaching  other  single-level  attributes  to  it,  including 
further  structural  pointers.  A  Psnlst  version  of  an  arbitrary  description  list  can  be  made 
up,  but  then  the  Ps  that  use  such  structures  would  have  to  pay  a  cost  for  the  indirection 
in  the  representation.  Instead,  each  data  structure  type  is  specialized,  with  structural 
links  and  conventions  to  suit  the  exact  traits  of  the  structure  (see  the  following  subsection 
end  Section  C).  Thus  there  are  three  kinds  of  recognition  nets  built  by  GPSR:  one  for  loc- 
progs,  one  for  objects,  and  one  for  desired  assignments.  Goals  must  also  be  recognized, 
but  these  are  even  more  of  a  special  case:  since  their  structures  are  fixed,  pre-coded  Ps 
can  be  used  to  compare  a  new  goal  to  others  of  the  same  type  (transform,  reduce,  or 
apply).  The  other  three  data  structures  for  which  canonization  is  necessary  are  task- 
dependent  with  variable  structure,  so  that  pre-coded  Ps  are  unsuitable. 

The  final  major  difference  between  GPSR  and  GPS  is  in  the  external  representation 
of  tasks.  Without  going  into  detail  here  (see  Section  D),  we  can  say  that  the  external 
language  used  by  GPS  has  been  bypassed:  operators  and  other  active  elements  of  a  task 
representation  are  encoded  directly  as  Ps,  and  other  information  pertaining  to  the  problem 
to  be  solved  and  its  structures  and  operators  is  expressed  directly  as  Working  Memory 
items.  There  are  two  reasons  for  this:  the  representation  chosen  for  GPSR  is 
approximately  of  the  same  conciseness  (in  terms  of  space  on  the  page)  as  for  GPS,  due  to 
Ps’  inherent  high-level  character;  GPS's  language  itself  was  rather  artificial  and  not  close 
to  what  would  be  a  natural  language  expression  of  the  tasks.  So,  rather  than  deal  in  two 
artificial  languages  of  approximately  similar  level,  the  direct  P  notation  was  adopted.  We 
will  discuss  further  below  (Section  D.6,  Section  E.4,  and  Section  G)  the  Interesting 
topics  of  how  the  external  problem  gets  mapped  onto  the  task  Ps,  and  how  this  relates  to 
natural  language  translation. 


B.3.  Production  system  representations  in  GPSR 

The  use  of  PSs  has  an  impact  on  a  variety  of  representational  issues  in  GPSR.  This 
subsection  emphasizes  and  brings  together  the  aspects  of  representation  that  ore 
necessarily  fragmented  elsewhere  due  to  different  organization.  At  the  same  time  the 
presentation  here  is  abstract,  so  that  if  the  reader  needs  more  detail,  he  must  piece  it 
together  after  reading  later  sections.  The  principle  that  has  guided  the  use  of  PSs  is  not 
so  much  the  application  of  PSs  in  a  uniform  way,  but  rather  the  use  of  the  language 
facilities  in  an  expedient,  concise,  and  efficient  way.  First,  we  consider  networks  of 
decisions,  which  includes  method  selection,  canonization,  connecting  differences  with 
operators,  and  evaluating  differences.  Second,  we  look  at  the  representation  of  the 
operation  of  accessing  something  in  an  object.  Third,  we  see  that  PSs  provide  an 
interesting  approach  to  implementing  the  GPS  match.  Fourth,  we  consider  goal  and  control 
contexts.  Finally,  we  discuss  selection  and  generation. 

Networks  of  decisions  (discrimination  nets)  appear  in  several  places  in  GPSR,  and 
their  implementation  varies  to  suit  particular  processing  demands.  The  method  selection 
process*,  which  is  a  fixed  part  of  GPSR,  is  encoded  as  a  set  of  Ps,  the  result  of  each  of 
which  is  a  signal  to  evoke  a  particular  method.  As  was  sketched  in  Figure  B.3,  these  Ps 
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use  whatever  goal  attributes  are  necessary  to  make  the  selection  unique.  Each  conjunct  in 
the  condition  of  a  P  represents,  as  it  were,  an  additional  node  in  a  tree)  Ps  whose 
conditions  have  a  nontrivial  intersection  can  be  thought  of  as  sharing  a  common  path  for 
some  tests  and  then  branching  to  their  respective  terminals. 

The  canonization  of  objects,  desired  assignments,  and  loc-progs  is  achieved  by 
constructing  Ps  whose  conditions  include  the  specific  constants  that  compose  the  entities 
to  be  recognized.  These  Ps  are  constructed  by  GPSR  as  the  solution  process  proceeds, 
because  they  contain  task-dependent  information  (constants  tested  by  conditions)  and 
because  their  size  (number  of  conditions)  is  dependent  on  corresponding  (variable) 
properties  of  task  entities.  The  canonization  of  goals,  on  the  other  hand,  does  not  need  to 
be  by  program-constructed  Ps  because  goafs  have  fixed,  task-independent  properties  and 
because  data  on  goals  is  kept  in  Working  Memory.  A  goal-recognition  P  compares  a  new 
goal  to  all  other  goals,  progressively  narrowing  down  the  set  of  possibly  identical  goals  as 
each  conjunct  of  the  condition  applies  its  restriction.  Thus  a  goal-recognition  P,  by  using 
variables  where  the  other  program-constructed  nets  use  constants,  represents  a  set  of  Ps, 
and  can  be  thought  of  as  a  net  schema,  that  is,  as  a  prototype  or  template  for  a  set  of  Ps 
composing  a  net. 

The  representation  of  the  table  of  connections  between  differences  and  the 
operators  that  might  reduce  them,  and  of  the  ordering  of  differences  according  to 
expected  difficulty  of  their  reduction,  are  similar  in  GPSR.  They  are  represented  as 
objects,  TABlE:CONN  and  DIFFsORDER,  and  their  content  is  extracted  by  applying  loc-progs 
to  them.  This  representation  is  schematic  in  the  same  sense  as  the  goal-recognition  Ps 
are:  each  object  could  equivalently  be  expressed  as  a  set  of  Ps,  with  LHSs  that  test 
attributes  of  differences.  Notationalfy,  the  object  (schematic)  representation  is  more  easily 
specified  in  the  external  representation  of  tasks,  although  it  would  be  straightforward  to 
convert  such  objects  to  sets  of  Ps.  Convenience  has  dictated  maintaining  the  present 
status  until  task  contingencies  force  generalization  to  TABLEiCONhTs  and  DIFF:ORDER’s  that 
are  not  so  concisely  expressable.  It  is  also  apparent  from  this  that  objects  representing 
problem  states  could  also  be  generalized  to  sets  of  Ps  whose  properties  would  become 
evident  through  evokation  or  activation  rather  than  by  being  passively  examined. 

The  reason  why  the  present  solution  for  the  TABLE:CONN  and  DIFF:ORDER 
representation  is  acceptable  is  that  the  application  of  a  loc-prog  to  an  object  is  achieved 
with  a  single  P.  The  use  of  single  Ps  to  access  and  test  values  in  objects  is  common  to 
loc-prog  application,  operator  application,  and  operator  difference.  When  a  loc-prog  is 
canonized,  a  P  is  constructed  whose  firing  will  apply  the  loc-prog  to  an  object  to  get  a 
terminal  value.  This  P  includes  the  constants  and  conditions  necessary  to  follow  the  link- 
path  from  the  top  node  of  the  object  to  a  terminal  node.  Operator  application  and 
operator  difference  (specified  externally  for  each  task)  are  also  single  Ps  that  include  the 
necessary  conjuncts  to  find  terminal  values  within  objects;  this  capability  is  used  to  apply 
tests  from  operator  pre-conditions,  operator  post-conditions,  and  operation-applicability 
conditions. 

The  match  in  GPSR  (Match-Diff  submethod)  is  not  able  to  take  advantage  of  the 
powerful  PS  match  because  the  PS  match  is  not  able  (at  the  present  stage  of  development) 
to  extract  differences.  Instead  the  approach  taken  is  similar  to  a  recursive  approach:  for  a 
node,  match  up  all  links  to  subordinate  nodes,  and  then  apply  the  match  to  those.  There 
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ere  a  variety  of  conditions  to  be  tested  that  are  expressed  as  separate  Ps.  The  Psntst 
implementation  of  this  match  doesn’t  have  the  rigidity  of  a  LISP  recursive  match,  in  that 
things  are  not  tried  in  any  particular  order.  Another  important  factor  is  that  of  Psnlst’s 
match  finding  all  possible  matches  to  a  P;  this  means  that  if  several  nodes  in  an  object 
have  similar  characteristics,  the  match  of  the  appropriate  P  carries  forward  the  match  on 
all  of  them  simultaneously.  The  match  has  the  property  that  its  results  (differences)  are 
not  necessarily  returned  at  the  same  time;  this  is  used  to  advantage  by  a  variant  of  the 
match  that  seeks  only  one  difference:  it  takes  the  first  one  produced  and  erases  all  the 
remaining  match  signals  so  that  no  further  work  is  done.  One  other  feature  of  the  match 
can  be  mentioned:  matches  to  described  objects  are  evoked  in  the  same  way  as  matches  to 
other  objects,  but  the  representation  of  described  objects  changes  the  process.  Described 
objects  are  represented  as  Ps  that  perform  the  tests  that  constitute  their  descriptions, 
responding  to  the  signals  that  initiate  the  Match-Diff  submethod. 

The  PS  approach  to  goal  contexts  seems  to  differ  from  that  used  in  GPS.  In  GPSR, 
the  contexts  are  always  present,  as  Working  Memory  items  containing  the  name  of  the  goal 
to  which  they  relate.  Thus,  context -switching  is  invisible,  whereas  in  GPS  (judging  from  its 
prominence  in  the  description)  some  degree  of  effort  was  involved.  It  is  invisible  in  GPSR, 
no  doubt,  because  the  context  is  established  automatically  on  doing  a  P  match.  The 
program  control  context  is  also  treated  somewhat  differently.  There  is  no  method 
language  and  no  interpreter  to  maintain  control  stacks  for  nested  method  evocations; 
rather,  when  a  method  logically  branches  into  two  submethods,  the  first  is  evoked  directly 
and  a  data  signal  is  left  to  indicate  what  is  to  be  done  on  success  of  that  first  method;  the 
data  signal  is  used  by  the  executive.  Thus  there  is  no  control  heirarchy  as  such,  but  data 
signals  are  used  to  recommend  sequences  of  action  to  the  executive. 

The  PS  approach  is  used  to  advantage  in  easily  specifying  complex  selection 
processes  and  combinatorial  data  generation.  There  are  no  select  goals  in  GPSR:  the 
selections  that  exist  are  done  by  small  groups  of  Ps.  Usually  one  P  is  sufficient  to  do  the 
bulk  of  the  selection;  this  is  the  case  for  the  Try-Old-Goals  process,  which  selects  a  goal 
for  further  problem-solving  effort,  and  for  the  selection  of  new  objects  for  creation  of 
Transform  goals  (in  GPS,  the  Transform-Set  method).  More  than  a  single  P  is  necessary  in 
the  case  of  a  cascade  of  selections,  for  instance  the  selection  in  the  Try-Apply  submethod 
that  first  collects  the  hardest  operator  difference  from  a  particular  feasible  assignment, 
and  then  for  all  feasible  assignments  selects  the  easiest.  The  use  of  a  cascade  of  Ps  to 
make  a  selection  is  partially  a  question  of  convenience,  since  it  is  possible  to  pile  up  in  a 
tingle  P  the  conditions  for  the  logical  combinations  that  constitute  the  selection.  The 
generation  of  combinatorial  possibilities  by  multiple  outputs  from  a  single  match  is  used  in 
generating  feasible  operator  assignments.  A  single  P  condition  has  conjuncts  that  specify 
elements  from  several  sets  (domains  of  variables),  and  the  result  of  the  match  is  to 
combine  those  elements  in  all  of  the  possible  ways.  Generally,  this  feasible  assignment 
generation  also  includes  some  conditions  to  reject  certain  of  the  combinations  before 
they’re  emitted. 

In  summary,  there  are  several  useful  attributes  of  PSs  that  have  been  brought  out. 
In  the  case  of  the  recognition  and  selection  networks,  Ps  provide  a  near-ideal  form,  and  it 
is  possible  for  a  PS  to  build  such  networks  in  a  task-dependent  fashion.  Also,  PSs  are 
capable  of  varying  degrees  of  expression  schematically.  The  use  of  single  Ps  to  access 
and  test  values  in  objects  is  an  indication  of  the  power  of  the  PS  match.  The  GPSR  match 


B.3 


IV-16 


GPSR 


An  Abstract  Description  of  GPSR 


a3 


(Match-Diff)  implementation  illustrates  control  flexibility  and  openness.  The  power  of  the 
match  and  of  the  global  Working  Memory  with  respect  to  establishing  local  contexts  and 
control  sequences  is  evident  from  examining  goal  contexts  and  method  sequencing.  And 
the  power  of  the  match  allows  complex  selections  and  generations  of  data  to  be  done 
easily. 
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C.1.  An  example  of  the  behavior  of  GPSR 

This  subsection  will  go  through  in  detail  an  example  of  the  behavior  of  GPSR  solving 
the  monkey  end  bananas  problem.  This  example  was  chosen  because  it  is  relatively  brief, 
yet  exhibits  many  of  the  important  features  of  GPSR.  Appendix  E  exhibits  the  full  trace 
printed  by  GPSR  in  solving  the  problem,  the  final  state  of  the  Working  Memory  after  it 
finished,  the  complete  trace  of  the  Ps  that  fired,  and  a  control  flow  summary  diagram  of 
that  P  trace.  Figure  C.1  gives  the  segment  to  be  discussed  here.  The  first  segment  of 
Appendix  B  has  the  task-specific  Ps.  In  the  following,  we  will  be  referring  almost 
exclusively  to  the  trace  printed  by  GPSR  Entities  in  []*s  refer  to  the  associated  VAPs, 
Figure  B.3  and  Figure  B.5.  Note  that  this  discussion  leaves  out  reference  to  much  detail, 
including  the  task-specific  Ps. 

The  initial  object  (situation)  in  this  task  consists  of  a  monkey  at  a  certain  place, 
PLACE  1,  a  box  at  another  place,  PLACE2,  and  some  bananas  at  a  third  place,  above  a  place 
denoted  UNDER:BANANAS.  This  is  represented  by  (MONKEY:PLACE  PLACE1  BOX:PLACE 
PLACE2).  The  only  other  attribute  of  problem  objects  for  this  task  is  the  MONKEY:HAND 
attribute,  which  is  left  undefined  in  the  initial  object;  it  is  placed  in  an  object  during  the 
problem  solving  process  whenever  an  operator  puts  something  in  the  monkey’s  hand. 
Other  aspects  of  the  problem  are  encoded  directly  in  the  operators  and  in  the  desired 
situation,  including  the  existence  and  location  of  the  bananas,  oddly  enough,  following  the 
original  Ernst  and  Newell  formulation.  The  desired  situation  is  a  described  object  that 
specifies  that  the  monkey  has  the  bananas  in  its  hand.  GPSR  must  transform  the  Initial 
object  into  the  desired  one  by  applyir^  in  an  appropriate  sequence  the  following 
operators:  CLIMB,  which  requires  that  the  monkey  and  the  box  be  at  the  same  place,  and 
which  results  in  the  monkey's  being  on  top  of  the  box;  GET:BANANAS,  which  requires  that 
the  monkey  be  on  the  box  and  under  the  bananas,  and  which  results  in  the  monkey’s 
having  the  bananas  in  its  hand;  MOVE:BOX,  which  requires  that  the  monkey  and  box  be  at 
the  same  place,  and  which  results  in  changes  in  location  of  both  box  and  monkey, 
according  to  the  value  of  the  variable  MOVE:TO;  and  WALK,  which  simply  changes  the 
location  of  the  monkey  to  the  value  assigned  to  the  variable  WALK.-TQ.  GPSR  has  two 
versions  of  the  monkey  task  table  of  connections  (TABLE.-CONN);  the  one  well  discuss  here 
specifies  that  whatever  difference  is  being  reduced,  all  four  operators  are  equally 
desirable.  (The  other  version  restricts  the  choice  of  operators.)  The  differences  that  can 
be  encountered  are  ordered  <DlFF:ORDER)  as  follows:  the  hardest  to  reduce  is  the  contents 
of  the  monkey's  hand;  next  hardest  is  the  box’s  location;  and  easiest  is  the  monkey’s 
location. 

GPSR  starts  out  by  doing  some  initialization.  It  prints  out  in  the  trace  what  its  top 
goal  (G-l)  is  (see  Figure  C.1),  files  (canonizes)  the  initial  object,  evaluates  G-l,  and  decides 
to  proceed  based  on  a  favorable  difficulty  comparison  (initially  the  top  goal  has  a  difficulty 
level  of  0)  [see  VAP  EX  I]  The  next  step  is  to  select  a  method  to  work  on  G-l  [MSI].  The 
method-selection  chooses  the  Transform  method,  according  to  G-l’s  type.  The  Transform 
method  proceeds  [TM2]  by  matching  [M01]  the  initial  object  to  the  desired  object,  finding 
that  the  monkey’s  hand  does  not  have  anything.  (In  the  process  of  finding  this  difference. 
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i  0-1  <  TRANSFORM  INITIAL  OBJECT  TO  OESIREOOBJECT  (FROM  TOR) 

IOC-PROG  IP-1  (MONKEY  HANOI 

.  G-2  REDUCE  UNOEF  TO  BANANAS  AT  (MONKEVMANO)  OF  INniALOBJECT  (OIFFIC  305)  (FROM  0>1) 
LOC  PROG  LP-2  (MONKEY  PLACE) 

,  LOC  PROG  LP-3  (BOX  PLACE) 

. .  0-3  :  APPLY  CLIMB  TO  1NJTIAL0BJECT  (OIFFIC  100)  (FROM  0-2) 

ASSIGNS  DUMMY  «-  BANANAS 

. . .  0-4  =  REDUCE  PLACE  1  TO  PLACE2  AT  (MONKEY  PLACE)  OF  INniALOBJECT  (OIFFIC  100)  (FROM  0-3) 
APPLY  WALK  TO  IN1TIAL0BJECT  GET  0-1  (WALKTO  PLACE2) 

6-4  SUCCEEDS 

. . .  G-5  s  APPLY  CLIMB  TO  0-1  (OIFFIC  100)  (FROM  G-3  ANO  G-4) 

ASSIGNS  OUMMY  «.  BANANAS 

0-1  (BOX  PLACE  PLACE  2  MONKEY  PLACE  PLACE2) 

APPLY  CLIMB  TO  0-1  GET  0-2 
G-5  SUCCEEDS 
G-3  SUCCEEDS 
G-2  SUCCEEDS 

.  G-«  i  TRANSFORM  0-2  TO  OESIREOOBJECT  (FROM  G-i  ANO  G-2) 

0-2  (BOX  PLACE  PLACE 2  MONKEY  PLACE  ON  80X) 

Figure  C.1  Initial  trace  segment  tor  the  Monkey  tack 


a  new  loc-prog,  for  Monkey:Hand,  is  discovered  and  filed,  as  indicated  in  the  second  line  of 
the  trace.)  The  difference  gives  rise  [TM3]  to  G-2,  a  goal  to  reduce  it.  After  the  Reduce 
method  is  selected  [EX1,  MS  13  the  table  of  connections  gives  GPSR  the  set  of  four 
operators;  from  the  given  information  on  the  operators,  it  constructs  desirable  assignments 
for  the  operators’  variables  (CLIMB  and  GET:8ANANAS  have  only  dummy  variables)  and 
proceeds,  using  the  Try-Apply  submethod  to  apply  them  [RM1].  In  the  process  of 
constructing  desirable  assignments,  enough  information  about  the  operators  WALK  and 
MOVE:BOX  is  given  to  allow  GPSR  to  reject  considering  them  further  (GPSR  knows  that 
they  can  effect  changes  in  location  only);  but  for  CLIMB  and  GET:BANANAS,  there  are  only 
dummy  variables,  so  that  it  can  know  nothing  about  their  effects  without  trying  them  (In 
other  words,  that  is  the  extent  of  action  of  the  desirability  selection  process;  this  Is 
deficient,  in  ways  to  be  discussed  in  Section  D.3). 

Continuing  with  the  attack  on  goal  G-3,  Try-Apply  finds  operator  differences  [TA2J 
for  CLIM8  (the  monkey’s  place  isn’t  the  box’s  place)  and  GET:BANANAS  (the  box  is  not 
under  the  bananas);  the  latter  is  a  more  difficult  difference,  as  given  in  the  DIFF:ORDER 
object,  so  G-3,  a  goal  to  apply  CLIMB,  is  set  up  (since  both  operators  seem  equally  likely 
to  get  a  desired  result,  the  one  that  looks  easier  to  apply  is  chosen).  Try-Apply  has 
already  determined  the  operator  difference,  so  that  G-4  is  immediately  created  [EX1,  MSI, 
M01]  to  reduce  the  difference  in  the  monkey's  location,  from  PLACE1  to  PLACE2.  This 
time  the  desirability  selection  [EX1,  MSI,  RM1]  has  more  information  to  go  on,  and  is  able 
to  specify  desirable  assignments  for  WALK  and  M0VE:80X.  Try-Apply  finds  the  latter 
infeasible,  but  the  former  is  applicable  without  operator  differences  [TA1]  and  G-4 
succeeds  with  the  monkey  walking  from  PlACEl  to  PLACE2;  the  new  object  (situation)  is 
called  0-1  and  is  filed  in  the  net  for  objects  (it  is  listed  in  the  trace  after  G-5). 

The  executive  [EX1],  on  success  of  G-4,  finds  the  signal  left  by  G-3:  as  an  apply 
goal,  It  was  reduced  to  a  sequence  of  reducing  an  operator  difference  and  then  applying 
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the  operator.  Thus  the  executive  creates  G-5  from  the  result  of  G-4;  G-5  is  goal  to  apply 
CL1M6  to  0-1.  The  operator  difference  for  CLIMB  has  genuinely  disappeared,  and  there 
were  no  unforeseen  side-effects  of  the  WALK  operator,  so  that  CLIMB  is  applicable  [EX1, 
M$2,  M02,  TA1),  producing  0-2  (listed  in  the  trace  after  G-6).  0-2  is  filed,  and  G-5 
succeeds;  the  executive  [EX1J  propagates  the  success  back  up  to  G-2,  the  reduce  goal 
sprouted  in  the  attemp  to  attain  G-l.  G-2  is  the  first  goal  in  a  two-element  sequence:  it  is 
followed  by  a  transform  goal  on  its  result,  and  achieving  that  transform  goal  amounts  to 
achieving  G-l.  So  we  have  G-6,  to  transform  0-2  to  the  desired  object. 

The  foregoing  has  provided  enough  detail  to  tie  together  the  structure  of  GPSR  as 
presented  in  the  VAPs  in  Section  B.  The  reader  should  now  be  able  to  follow  the  GPSR 
behavior  traces.  For  the  ambitious  reader,  the  foregoing  also  provides  details  that  should 
prove  useful  in  following  the  system  in  full  detail;  the  remainder  of  this  section  describes 
the  components  of  GPSR  whose  workings  are  essential  to  that  endeavor.  The  Monkey  task 
is  discussed  further  in  Section  D. 


C.2.  The  major  sets  of  productions  in  GPSR 

This  subsection  will  present  the  Ps  of  GPSR  in  nine  sets,  which  include  everything 
except  the  task-specific  Ps  (which  are  the  Q’s,  see  Section  D).  These  sets  correspond  to 
labelling  conventions,  according  to  initial  letters  of  P  names:  Ps  for  the  executive  Ps,  Ps 
for  filing  (canonization),  M’s  for  methods,  K’s  for  matching  (comparing),  T’s  for  applying 
transformations,  C’s  for  copying  objects,  D's  for  evaluating  differences,  V’s  for  tracing 
(viewing)  the  program’s  operation,  and  X’s  for  building  external  representations  of  objects, 
i  For  each  P  group  a  set  of  abstract  Ps  (APs)  elaborates  on  the  VAP  structure.  For  more 
detail,  the  Ps  themselves  (Appendix  A)  must  be  consulted;  in  addition,  Section  C.3  gives 
meanings  for  the  predicates  used  in  the  Ps. 

The  executive  Ps  are  divided  into  four  groups,  indicated  in  Figure  C.2.  The  eleven 
APs  for  the  executive  correspond  to  the  VAP  EX1  (Figure  B.3).  They  also  correspond  to  24 
actual  Ps.  The  EO  APs  represent  the  evaluate-goal  process:  action  is  taken  according  to 
whether  a  goal  is  too  difficult,  is  a  repetition  of  a  previous  goal,  or  is  neither.  EOa  is  the 
initialization  of  GPSR,  evoked  at  the  beginning  of  a  task.  The  E10  APs  take  action  to 
propagate  the  success  of  a  goal,  either  setting  up  the  second  goal  of  a  goal  sequence  (e.g. 
reduce-transform)  or  causing  the  supergoal  to  succeed.  The  E20's  propagate  failure  by 
retrying  a  goal  from  which  the  failed  goal  was  derived,  or  by  evoking  a  try-old-goals 
selection.  The  E30’s  are  the  try-old-goals  selection.  This  includes  selection  by  the  New- 
Obj  criterion,  which  sets  up  a  goal  to  transform  some  selected  object  into  the  desired 
object;  only  objects  for  which  such  transform  goals  do  not  already  exist  are  candidates. 
The  executive  is  initially  evoked  by  an  "eval-goaf’  signal  from  a  task-specific  initialization 
P.  It  passes  control  in  two  ways:  to  the  goal-filing  process,  using  "file-goal"  (see  APs 
ElOa,  ElOb,  and  E30b),  and  to  the  method-selection  process  (EOb,  E20a,  and  E30a). 
Control  is  passed  to  it  by  "eval-goaf,  "succeed",  and  "fail”  from  methods,  and  by 
“repeated"  (when  appropriate)  from  the  goal-filing  process.  The  New-Obj  criterion  is 
turned  on  externally  by  the  user. 

The  filing  Ps  are  divided  into  four  groups:  a  group  to  file  loc-progs,  a  group  to 
recognize  goals,  a  group  to  file  objects,  and  a  group  to  file  desired  assignments.  The 
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7.  EO’s:  goal  evaluation  and  initialization;  7  Pst 
EOa:  gpsr-init  ->  initialize: 

EOb:  eval-goal  A  diffic-ok  &  not  repeated  ->  select-method; 

EOc:  eval-goal  A  diffic-too-high  &  not  repeated 

->  abandon  &  retrv-supergoal-or-antecedent: 

EOd:  eval-goal  &  repeated  ->  try-old-goals; 

t  ElO’s:  proceed  from  success;  3  Ps  7. 

ElOa:  succeed  A  next-trans  ->  file-goal  4  eval-goal  &  create-new-trans; 

ElOb:  succeed  A  next-apply  ->  file-goal  4  eval-goal  &  create-new-applv: 

ElOc:  succeed  otherwise  ->  succeed(supergoal); 

7.  E20’s:  fail;  8  Ps  7. 

E20a:  fail  &  (antecedent  retryable  OR  supergoal  retrvable)  ->  select-method  A  retry; 
E20b:  fail  otherwise  ->  fail  OR  try-oid-goals; 

7.  E30’s:  Try-Old-Goals  process;  6  Ps  7. 

E30a:  try-old-goals  &  not  new-obj-criterion  &  arbitrary-reduce-with-least-difficultv 
->  select-method  &  retry; 

E30b:  try- old-goals  A  new-obj-criterion  4  oldest-obiect-not-in-trans 
->  file-goal  &  eval-goal  &  create-new-trans: 

where  trans  ■  transform  goat,  reduce  ■  reduce  goal,  apply  ■  apply  goal. 

Figure  C.2  APs  for  GPSR  executive  Ps 


three  filing  groups  (goal  recognition  excluded)  are  expansions  or  images  of  the  VAPs  CA1, 
CA2,  CA3,  and  EN1  of  Figure  B.7.  Seventeen  APs  (Figure  C.3)  correspond  to  sixty  Ps,  not 
including  the  five  types  of  Ps  constructed  by  GPSR  that  are  represented  by  FOb,  FOc,  FOd, 
FlOb,  and  F50be.  Entry  to  the  filing  processes  is  gained  via  the  AP  signals  "file-loc-prog", 
"file-goal",  "file-object",  and  "file-des-asg".  The  file-loc-prog  process  returns  by  emitting 
the  name  of  the  loc-prog;  the  file-goal  process  emits  a  "repeated"  signal  if  appropriate; 
and  the  file-object  and  file-des-asg  processes  return  by  emitting  updated  versions  of  data 
instances  containing  the  recognized  entity.  For  other  kinds  of  return  (i.e.,  when  no  definite 
recognition  took  place)  control  falls  back  (passively)  to  the  evoking  process  when  the  filing 
process  runs  out  of  things  to  do  (more  precisely,  the  Psnlst  stack  :SMPX  no  longer  has 
events  relevant  to  filing). 

The  loc-prog  filing  process  builds  three  Ps  for  each  loc-prog:  one  to  recognize  it 
and  name  it  (FOb),  one  to  apply  it  to  an  object  (FOc),  and  one  to  emit  its  components  given 
its  name  (FOd).  in  each  case  the  P  includes  full  information;  this  is  not  like  an  EPAM 
discrimination  net  which  decides  on  the  basis  of  a  subset  of  distinguishing  characteristics. 
Loc-prog  filing  (FOa,  FOe)  and  recognition  (FOb)  are  done  to  name  the  differences  resulting 
from  Match-Diff  (K’s)  and  to  name  operator  differences  detected  by  task-specific  operator 
Ps  (QD’s).  FOc  is  evoked  by  the  Reduce  method  to  access  TABLErCONN  (M30a)  and  by 
difference  evaluation,  to  use  information  in  DIFF:ORDER  (DOa).  FOd  is  used  by  the 
desirability  selection  process  in  the  Reduce  method,  M30c. 


•  Some  Ps  constructed  by  GPSR  are  given  in  Appendix  D. 
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7.  FO’s:  file  loc -progs;  6  Ps  7. 

FOa:  file-loc-prog  &  location-link’s  ->  location-link’s  &  extend-net; 

t  loc-prog  net;  3  Ps  for  each  loc-prog  7. 

FOb:  location-link’s  &  matching-location  ->  loc-prog-name  &  not  extend-net; 

FOc:  apply -loc -prog  &  loc-prog-name  &  object  ->  loc-prog-result; 

FOd:  get-loc-prog-compon  &  loc-prog-name  ->  loc-prog-compon’s; 

FOe:  extend-net  &  location-link’s  ->  build-up-new-P  &  loc-prog-name; 

t  file  goals;  1 1  Ps  7. 

FOf:  file-goal  ->  trace-goal  &  recog-goal; 

FOg:  recog-goal  &  matching-old-goal  ->  repeated; 

7.  F10’s-F40’s:  file  objects;  34  Ps;  net:  one  P  per  distinguishing  object  feature  X 
FlOa:  file-object  ->  build-ext-repr  &  test-object-net  &  extend-object-net; 

FlOb:  7.  object  net  7.  test -object-net  &  sub-obiect-matches  ->  issame; 

FlOc:  extend-object-net  &  not  issame 

->  match-diff(using  dummy  object)  &  match-diffl  &  match-result-exam; 

FlOd:  extend-object-net  &  issame  ->  match-diff  &  match-diffl  &  match-result-exam; 

F20a:  match-result-exam  &  match-resultl  ->  split-obiect-net-P-using-result; 

F40a:  match-result-exam  &  not  match-resultl  ->  replace-occurrencestwith  old  object); 

t  F50’s:  file  desired  assignments;  9  Ps;  net:  one  P  per  desired  assignment  t 
F50a:  file-des-asg  &  assigns-n’s  ->  assigns-n’s  &  extend-des-asg-net; 

F50b:  7.  des-asg  net  7.  assigns-n’s  &  matching-old-des-asg  ->  issame-des-asg; 

F50c:  issame-des-asg  ->  replace-occurrencestwith  old  des-asg); 

F50d:  extend-des-asg-net  &  not  issame-des-asg  ->  extend-des-asg-net-actual; 

des-asg  ■  desired  assignment. 

Figure  C.3  APs  for  the  four  kinds  of  filing 


The  goal-recogr.ition  process  {APs  FOf  and  FOg,  or  11  Ps  in  GPSR,  F6-F9N)  has 
separate  tests  for  each  of  the  three  types  of  goal  (transform,  reduce,  and  apply).  The 
tests  for  apply  goals  are  the  most  complex  since  they  may  or  may  not  have  been 
constructed  with  already-given  operator  differences.  Two  apply  goals  that  are  not  given 
differences  and  that  are  otherwise  identical  would  be  the  same,  since  each  would  find  all 
such  differences  and  try  to  reduce  them.  But  the  repetition  of  apply  goals  that  are  given 
differences  are  repeated  based  on  the  exact  difference.  As  a  side-effect  of  recognizing  a 
goal,  it  is  traced  externally  via  "trace-goal"  (FOf),  which  is  used  by  the  V’s. 

The  object-filing  process  is  based  on  an  EPAM-like  (Feigenbaum,  1963) 
discrimination#.  The  object  net  consists  of  Ps  that  recognize  isolated  features  of  objects 

•  See  Chapter  III  of  this  thesis,  which  contains  other  references  and  a  more  thorough 
discussion.  The  object-filing  process  is  actually  an  advance  in  EPAM  design  over  Chapter 
III 
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and,  On  recognition,  emit  the  name  of  an  old  object  that  looKs  like  the  object  being  filed  on 
the  basis  of  those  features.  When  a  candidate  is  proposed  by  the  net  to  be  similar  to  a 
new  object,  the  filing  process  uses  Match-Diff  to  verify  the  match  or  to  find  a  difference 
between  the  proposed  object  and  the  new  one.  (Actually  a  variant  of  Match-Diff  is  used 
via  the  "match-diffl"  signal,  so  that  the  match  stops  before  finding  all  differences,  since 
only  one  is  necessary).  A  dummy  object  is  used  to  extract  an  arbitrary  feature  from  an 
object,  if  no  existing  object-net  Ps  match  on  any  of  the  features  of  an  object.  When  a 
difference  is  found,  the  P  that  proposed  the  candidate  old  object  is  split  into  two,  one  to 
continue  to  recognize  features  of  the  old  object,  and  the  other  to  do  the  same  for  the  new 
one.  The  split  actually  consists  of  extending  the  old  P  in  two  mutually  exclusive  ways  by 
adding  conditions,  or  their  negation,  corresponding  to  the  difference  produced  by  Match- 
Diff.  Thus  a  new  object  may  cause  more  than  one  such  split,  since  different  features  of  it 
may  match  features  of  several  old  objects.  The  potential  danger  of  too  much  net  growth 
was  not  in  practice  a  problem,  for  the  tasks  given  to  GPSR.  A  refinement  to  allow  better 
selection  of  differences  for  making  maximal  distinctions  between  objects  might  be  to  use 
the  DIFF:ORDER  object,  because  perhaps  easier  differences  are  more  likely  to  change  and 
thus  offer  a  better  chance  of  providing  a  discrimination.  Object-filing  occurs  at  the 
beginning  of  a  problem  when  the  initial  and  desired  objects  are  filed  (QI)  and  it  happens 
when  the  Try-Appfy  submethod  receives  the  result  of  an  operator  application  (M40b,  from 
QA’s). 


The  filing  of  desired  assignments,  the  F50  APs,  is  like  the  loc-prog  filing,  based  on 
complete  information  on  the  assignments.  Only  one  type  of  P  is  constructed;  when  a  new 
desired  assignment  is  recognized  to  be  an  old  one,  all  data  items  mentioning  the  new  one 
are  fixed  up  to  refer  instead  to  the  old  one.  Filing  and  recognition  of  desired  assignments 
occurs  when  they  are  constructed  by  the  desirability  selection  process  (M30c). 

The  method  Ps  are  divided  into  the  method-selection  process,  the  three  methods, 
and  the  Try-Apply  submethod.  The  five  AP  groups,  Figure  C.4,  correspond  to  the  VAPs 
in  Figure  B.5  and  to  64  GPSR  Ps.  The  method  selection  process  is  always  evoked  by  the 
executive,  using  the  "select-method"  signal,  and  the  method  selection  in  turn  passes 
control  to  specific  methods  by  specific  signals.  The  M20  APs  give  enough  detail  on  the 
Transform  method  to  show  the  evocation  of  the  Match-Diff  submethod,  the  difference- 
evaluation  routine  (M20c),  and  the  collection  of  results  (by  repeated  P  applications)  from 
the  Match-Diff  submethod.  The  full  detail  of  the  use  of  the  "transf-2"  signal  is  not  shown: 
there  is  a  P  firing  that  uses  "transf-2"  and  emits  another  signal  to  allow  the  selection  of 
the  most  difficult  difference  in  M20e.  This  delay  alio  vs  all  match  results  to  be  completed 
before  proceeding,  and  it  is  achieved  using  Psnlst’s  :SMPX  to  hold  off  examining  the 
"transf-2"  signal.  M20c  is  one  place  where  a  sequence  of  two  goals  is  set  up,  a  reduce 
followed  by  a  transform;  the  "next-trans"  signal  communicates  this  to  the  executive  (see 
AP  ElOa  in  Figure  C.2).  The  Transform  method  passes  control  back  to  the  executive  with  a 
"succeed"  signal  (AP  M20b)  or  with  "file-goal"  and  "eval-goal"  (M20e). 

The  Reduce  method  is  composed  of  the  three  M30  APs,  plus  M40g,  h,  and  i.  M30a 
shows  the  application  of  the  difference  loc-prog  to  the  TABLEiCONN  object  to  get  the 
operator  or  operator  set  relevant  to  reducing  the  difference.  By  repeated  applications  of 
M30b  and  M30c,  all  desirable  assignments  are  constructed  (see  also  Section  D.3). 
Control  always  passes  to  the  Try-Apply  submethod,  after  evocation  of  the  desired- 
assignment  filing  process  and  after  generation  of  feasible  assignments  from  desirable 
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7.  MO’s:  method  selection;  5  Ps  7. 

MOa:  select-method  &  goal-type  ->  transform-method  OR  reduce-method  OR  moveop-method; 

7.  M20’s:  Transform  method;  14  Ps  7. 

M20a;  transform-method  &  not  obiects-same-name  ->  match-diff  &  transf-2; 

M20b: transform-method  &  obiects-same-name  ->  succeed; 

M20c:  match-result  ->  diffr-eval  &  use-diffr-eval-result; 

M20d:diffr-eval -result  &  use-diffr-eval-result  ->  match-val; 

M20e:transf-2  &  most-difficult-match-val 

->  file-goal  &  eval-goal  &  create-reduce-eoat  &  next-trans; 

7.  M30’s;  Reduce  method;  20  Ps  7. 

M30a:  reduce-method  &  has-diffr  &  not  retry  ->  apply-loc-prog(diffr,TABLE:CONN)  A  select-op; 
M30b:  select -op  &  loc-prog-result  &  is-move-op  ->  select-des-asg; 

M30c:  select-des-asg  &  move-op-compon’s  &  loc-orog-compon’s(diffr) 

->  file-des-asg  &  assigns-n’s  &  gen-feas-asg  &  try-apply; 

7.  M40’s:  Try-Apply  submethod;  19  Ps  7. 

M40a:  try-apply  &  arbitrarv-new-feas-asg  ->  apply-op  &  apply-check; 

M40b:apply-check  &  apply-result  ->  file-object  &  succeed; 

M40c;  apply-check  &  opr-diffr  ->  diffr-eval  &  try-opr-diffr-setup; 

M40d:try-opr-diffr-setup  &  hardest-oor-diffr-for-feas-asg 
->  has-opr-diffr-asg  &  try-apply -2; 

M40e:  try-apply-2  &  all-apply-opVtried  &  easiest-has-opr-diffr-asg(all  feasasgs) 

->  try-apply-result; 

M40f:  try-apply-2  &  not  has-opr-diffr-asg  ->  methods-exhausted  &  fail; 

7.  these  are  really  part  of  Reduce  method:  7. 

M40g:  try-apply-result  A  is-reduce-goal 

->  file-goal  &  eval-goal  &  create-new-applv-goal-for-result; 

M40h:  reduce-method  &  retry  &  has-new-feas-asg  ->  try-apply; 

M40i:  reduce-method  &  retry  &  not  has-new-feas-asg  ->  try-apply-2; 

7.  M50's:  Move-operator  method;  6  Ps  7. 

M50a;  moveop-method  &  has-opr-diffr  &  not  retry 

->  file-goal  &  eval-goal  &  create-new-reduce-goal  &  next-apply; 

M50b:  moveop-method  A  not  retry  &  not  has-opr-diffr  ->  gen-feas-asg  &  try-apply; 

M50c:  try-apply-result  &  is-apply-goa! 

->  file-goal  &  eval-goal  &  create-new-reduce-goal  &  next-apply; 

M50d:  moveop-method  &  retry  &  has-new-feas-asg  ->  try-apply; 

M50e: moveop-method  &  retry  &  not  has-new-feas-asg  ->  try-8pply-2; 

diffr  ■  difference,  des-asg  ■  desired  assignment,  feas-asg  ■  feasible  assignment. 

Figure  C.4  APs  for  the  method  Ps 


assignments  (M30c  evokes  the  task-specific  generator  QF  using  "gen-feas-asg").  The 
M40g  AP  shows  how  control  passes  back  to  the  executive  in  case  operator  differences 
must  be  reduced.  M40h  and  i  show  how  the  method  is  restarted  (retried)  depending  on  its 


IV-25 


C.2 


C.2 


GPSR  in  Detail 


GPSR 


previous  status.  Other  exits  from  the  Reduce  method  are  direct  from  within  the  Try- Apply 
submethod. 

The  Try-Apply  submethod  (M40a-M40f)  is  evoked  by  the  Reduce  and  Move- 
Operator  methods,  using  "try-apply"  or  "try-apply-2"  signals.  It  may  be  evoked  in  a  retry 
situation,  in  which  case  unselected  responses  from  past  evocations  are  tried  (M40h,  M40i, 
M50d,  M50e).  It  has  sole  responsibility  for  evoking  task-specific  operator  applications 
(M40a  evokes  QA’s  or  QD's),  using  feasible  assignments  generated  at  the  end  of  the 
desirability  selection  process  (M30c),  and  for  testing  the  results  of  those  (M40b  and  c).  It 
returns  control  to  a  parent  process  by  the  “try-apply-result"  signal  (M40e)  in  case  of 
operator  differences,  or  it  passes  control  directly  to  the  executive  with  “succeed"  or  “fail" 
(M40b  and  M40f).  Note  that  APs  M40a  through  M40e  are  applied  repeatedly  until  a 
success  occurs  or  until  all  operator  differences  have  been  extracted,  allowing  a  selection 
to  be  made  for  maximal  progress.  Each  operator  difference,  produced  by  QD's,  is 
processed  by  M40c,  which  evaluates  it  using  the  difference  evaluation  routine  ("eval-diffr", 
the  D  APs).  Each  operator-feasible-assignment  pair  may  produce  several  operator 
differences,  the  hardest  of  which  is  selected  by  M40d.  When  all  operator-feasible- 
assignment  pairs  have  been  tried  (assuming  none  succeeds  and  M40b  doesn’t  have  a 
chance),  M40e  selects  the  easiest  of  the  set  of  hardest  ones  from  M40d,  and  emits  it  es 
the  result.  If  a  success  does  occur,  the  partial  state  of  the  selection  stays  around  In 
Working  Memory  tor  possible  resumption  (retry).  If  M40e  emits  a  result,  the  set  that  the 
result  was  selected  from  also  stays  around  for  use  under  retry  conditions. 

The  Move-operator  method  is  similar  to  the  Reduce  method  in  its  control 
characteristics.  M50a  and  b  have  an  effect  similar  to  M30a,  b,  and  c,  while  m50c,  d,  and  a 
correspond  almost  exactly  to  M40g,  h,  and  i.  M50b  is  a  second  instance  (cf.  the  reduce- 
transform  sequence  in  AP  M20c)  of  the  occurrence  of  a  goal-sequencing  operation,  using  a 
"next-apply”  signal:  a  sequence  of  a  Reduce  goal  and  an  apply  goal  are  sprouted  to 
achieve  the  apply  goal  that  is  the  subject  of  the  method’s  evocation.  The  “next-apply" 
signal  loused  in  the  executive  AP  ElOb. 


KOa: 

KOb: 

KOc: 

KOd: 

KOe: 

KOf: 


7.  tCs:  matching  (K  tor  compare);  1 1  Ps  7. 
match-diff(objects)  &  not  match-restriction(node)  ->  match-diff(nodes); 
match-diff(nodes)  &  nodes-correspond 
->  match-diff(daughter  nodes)  OR  match-ok(terminal  nodes); 
match-diff(nodes)  &  not  nodes-correspond  ->  extract-location; 
extract-location  &  link-path-to-top-of-obied  &  not  match-diffl 
->  file-loc-prog  &  location-link’s  &  setup-result; 
setup-result  &  loc-prog-name  ->  match-result; 
extract-location  &  link-path-to-top-of-obiect  &  match-diffl 
->  match-result  1  &  location-link’s; 


Figure  C.5  APs  for  the  Mateh-Diff  submethod 


The  matching  Ps  constitute  the  the  Match-Diff  submethod,  Figure  C.5,  which  is 
evoked  by  the  object-filing  process  (FlOc  and  FiOd)  and  by  the  Transform  method  (M20a). 
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The  match  is  done  in  two  phases,  descent  into  the  two  objects  from  the  top  nod#  along 
corresponding  link  paths  until  matching  terminals  are  reached  or  until  a  difference  is 
found,  and  ascent  from  the  location  of  the  differences  to  the  top,  collecting  the  set  of  links 
to  form  a  loc-prog  that  will  be  used  to  describe  the  differences.  KOa,  KOb,  and  KOc 
perform  the  descent.  KOb  is  applied  repeatedly  until  terminals  are  reached  or  until  KOc 
applies  at  the  nodes  in  question.  KOc  corresponds  to  five  Ps  which  define  the  ways  for  a 
match  to  fail.  KOd  and  KOe  extract  and  name  the  difference  found  in  case  the  full  match  is 
desired.  KOf  extracts  the  location  of  the  difference  but  does  not  name  it,  if  the  "match- 
diff  1"  signal  is  present.  In  this  case  the  match  result  (the  link  path)  is  used  directly  by  the 
object-filing  process  to  build  a  sequence  of  condition  elements  for  discriminating  the 
objects  matched. 


7.  Ts:  transformations;  23  Ps  7. 

Vs:  apply-transformation  &  object  ->  transformed-obiect: 

7.  C’s:  copying  objects;  4  Ps  7 
C’s:  copy-object  &  object  ->  cooied-obiect; 

t  D’s:  evaluate  diffrs;  5  Ps  7. 

DOa:  diffr-eval  ->  apply-loc-prog(diffr,DlFF:ORDER)  &  diffr-eval-resl} 

DOb:  diffr-eval-resl  &  loc-prog -result  &  difficulty-criteria  ->  diffr-eval-result; 

t  V*s:  trace  goals;  9  Ps  7. 

Ve:  trace -goal  &  goal-attributes  ->  printed-message: 

1  X's:  build  external  representation  of  objects;  6  Ps  7. 

Xa:  build-ext-repr  &  obiect-links-and-values  ->  external-repr-of -object; 

Figure  C.6  APs  for  low-level  processes 


Finally,  we  can  briefly  consider  some  of  the  lower-level  processes  in  Figure  C.6. 
The  Vs  are  evoked  by  task-specific  operator-applying  Ps  (QA’s),  as  are  the  C’s.  The  Vs 
perform  the  operations  listed  in  Figure  0.4.  The  C’s  copy  an  object  by  creating  new  node 
tokens  and  attaching  the  corresponding  links  and  values.  The  D’s  are  evoked  by  the 
Transform  method  (M20c)  and  by  the  Try-Apply  submethod  (M40c),  to  evaluate  match 
differences  and  operator  differences,  respectively.  The  result  is  a  numerical  value  that  is 
100  times  the  difficulty  given  in  the  DIFF:ORDER  object  (i.e.,  a  location-dependent  measure) 
plus  a  heuristic  that  weights  the  type  of  the  difference.  Presently  two  such  heuristics  are 
used,  as  dictated  by  the  tasks  performed:  one  adds  a  weight  of  5  to  a  difference  whose 
actual  value  is  "UNDEF"  and  whose  desired  value  is  some  other  constant;  the  other  adds 
the  absolute  value  of  the  difference  between  actual  and  desired  values,  if  they  are 
numeric.  The  numbers  that  go  into  this  difficulty  computation  were  arbitrarily  chosen  to 
result  in  reasonable  ranges  of  values  for  the  tasks  chosen.  The  V’s  are  evoked  by  the 
goal-recognition  process  to  print  out  a  trace  message  giving  goal -type -dependent 
information.  The  X’s  build  a  human-readable  representation  from  internally-constructed 
new  objects.  These  are  evoked  by  the  object-filing  process. 
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C.3.  Meanings  of  the  GPSR  predicates 

This  section  gives,  in  alphabetical  order,  explanations  of  the  predicates  that 
constitute  the  actual  Ps  for  GPSR  (Appendix  A).  As  a  preamble  to  the  list,  the  following  is 
a  set  of  pointers  to  groups  of  predicates  that  belong  together  in  representing  various 
entities. 

Goals  (common  to  all  types):  HASDIFFIC,  HAS  ACTUAL. -OBJ, 

HASSUPER:GOAL,  HASTRACE:LEVEL,  1SSAME.-G0AL  (only  conditionally 
present). 

Transform  goals:  1STRANSF0RM:G0AL,  HASDESIRED:OBJ,  HASANTEC 
(sometimes),  HASALT:DIFFR  (optional). 

Reduce  goals:  HASDIFFR,  HASOP  (used  only  for  debugging). 

Apply  goals:  HASDES:ASG,  HASOP,  HASOP:DIFFR  (sometimes),  HASANTEC 
(sometimes). 

Objects:  HASTOPNODE,  LINKS,  HASVAL,  ISSAME,  ISSAME:EQV,  ISDUMMY, 
ISDESCRI8ED:0BJ,  HASEXTREPR,  MATCHiRESTR. 

Loc-progs:  HASNAME,  HASLINK,  HASLP:COMPON,  APPLY:LOC:PROG, 
GETLP:COMPON,  HASEXTREPR. 

Assignments:  ASSIGNS,  ASS1GNS:N,  ASSIGNS:D,  ISSAME:DA. 

Move  operators:  HASMOVE:COMPON,  1SM0VE0P,  HASVAR,  HASVAR:LINK, 
VAR:D0MA1N,  CHANGES:VAL,  ISSET,  INSET. 

Points  where  a  trace  message  is  printed  can  be  found  by  using  the  entry  for 
TRACING  in  the  predicate  cross-reference,  Appendix  C.  Other  aspects  of  the  process  can 
also  be  found  in  this  way;  for  instance,  all  places  where  difficulties  are  assigned  to  goals 
deal  with  HASDIFFIC.  Reading  through  the  Ps  will  give  further  hints  for  groupings  of 
predicates  by  meaning. 

Types  for  the  predicate  arguments: 


a 

assignment 

•p 

loc-prog 

d 

difference 

n 

node  in  object 

da 

desired  assignment 

0 

object 

8 

goal 

op 

operator 

K 

numeric  value 

v 

variable  for  task  operator 

1 

link 

W,  X, 

y,  z  arbitrary. 

ADOLAST(x,n)  n  ii  the  l»»t  added  node  m  ADD  LINK  eel  x.  (T)e 
AOD  LINK(o,k,LK)  add  •  link  to  o.  ell  melincee  with  the  (erne  x  term  •  eet  of  link*  I  that  five*  a 
location;  k  valuea  order  the  eet,  incrtatinf  away  frem  the  top  ef  o;  when  a  non- 
numeric  k  ie  reached  by  the  link  path,  k  ia  the  vekie  placed  at  the  location 
roachod  (T,  QA)*e 

ADDPRODP(x)  P  x  it  a  craitod  ono;  thia  matinee  io  aaaortod  when  ADDPROO  ie  executed  to 
add  tho  P  <F) 

APPlV:CHK(f,op,da,a)  check  Iho  rooulla  of  tho  application  ef  op,  in  context  of  with  aooi|noionto  do 
•rid  a  (M) 

APPLVDIFFR(lp,xl,*2,op)  an  attampt  to  apply  op  hao  raaullad  in  •  difference  at  Ip,  with  xl  where  the 
operator  deaired  x2  (M,  QE> 


•  The  primary  P  (roup  that  ueea  e  predicate  will  be  |iven  in  perentheeee  otter  the  predicate  description 
••  Reference!  Io  Q  Pa  are  to  O'a  m  the  MC  teak,  variant  MCI,  unleee  otherwiee  noted;  the  MC  Pa  art  tha  only  taak 
Pa  (ivon  in  tha  croaa-rafarenca  (Appendix  C) 
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APPLViDlFFR:SETUP(d,op,xl,x2)  aat  up  for  operator  difference  d,  for  op,  value*  xl,x2.  (QO,  QC) 

APPLYIOC  PROG(lp,o)  apply  Ip  to  o.  (M.  D,  LA)* 

APPLV.OP(opao)  apply  op  to  o  uamg  a,  op  it  t  mevo  oporotor.  (QA,  QO,  M) 

APPLY  0P2(op,a,o)  signal  I  ho  compltlian  of  the  eptrtlor  drlftronoo  proottt  (QO  m  MCI  only) 

APPLY  OPF(op,o)  apply  op  to  o,  op  it  a  form  oparator.  (M) 

APPLV:RESULT(op,o)  o  it  the  raaull  of  applying  op.  (M,  QA) 

ASSIGNS(a,v,x)  a  eaeigne  a  to  ba  I  ha  valua  of  v  (QA,  QO,  QF,  M) 

ASSIGNS  D(da,v,x)  da  eaeigne  a  to  ba  tha  valua  of  v.  (Q,  F,  V) 

ASSIGNS  N(da,v,x)  da  tantavaly  aeeignt  a  to  ba  tha  value  of  v;  thia  chaniaa  to  ASSIGWSD  attar  tha 
da  ia  filed.  (F,  M,  DA) 

CHANGESVAl(v)  v  chanyaa  tha  valua  (HASVAL)  at  tot*  location;  that  ia,  whan  tha  oparator  using 
v  ia  applied,  a  valua  ia  chanf ad  from  ona  non-numeric  valua  to  anothor.  <QI  in  MK, 
M) 

CHECKNUMV(da)  chock  if  da  aaaifna  any  numaric  variables,  aa  part  of  tha  daairability  aalaction 
procaaa.  (M) 

CHECK  RETRY(g)  chock  if  f  can  ba  ratriad.  (E) 

CHECKS  AME(gl,g2>  chock  if  apply-fealo  |1  and  (2  hava  tha  teem  HASOP  DIFFR  instances,  ao  that  ft 
would  ba  a  ropatitien  of  g2  (F) 

CHECK  SELX(g, op)  tha  deairabiliiy  aalaction  procaaa  can  t*narata  no  daairabla  aaaifnmant  for  op 
withtn  (;  thia  aimply  racorda  tha  condition;  tha  protram  mokoa  no  uao  of  it  at 
praaant.  (M) 

CHOOSE  OLD  GOAL(f)  t  '•  an  old  toal  that  ia  ratryabla;  thia  signal  dafinaa  a  aat  of  auch  foala  from 
which  a  aalaction  ia  mado.  (E) 

CHOOSE  OLD  OBj(o)  o  ia  an  object  that  ia  a  candidate  for  aalaction  undo?  tha  Naw-Obj  criterion.  (E) 
COL  DANET(da,k,«,y)  coltact  tha  cemponanta  of  a  daairad-aatitnmant-nat  P;  k  ia  a  count  ot  tha 
compononta,  uaad  to  tanarata  uniqua  variable  nans  a,  x  ia  tha  LHS  of  tha  P;  y  ia  a 
Nat  that  ia  kaapmt  track  of  mutual  exclusion  conditiona  on  variable*  in  tho  LHS. 
(aaa  F50  ff ) 

COtlPH€T(lp^L*,k,y  I,y2,c)  collact  tha  compononta  of  two  loc-prog  Pa;  Ip  ia  tho  noma  of  tho  loc-prof;  d  la 
tha  diffaranco  whoaa  location  dafinaa  Ip  (aoo  HASLINK);  n  ia  a  liat  of  tha  tinka  in 
Ip;  k  ia  a  count  of  craatad  variablaa  for  tha  Pa;  y)  and  y2  ora  I.HSa  for  tha  apply 
and  rocogmco  loc-prof  Pa  bang  built;  *  ia  a  hot  of  tha  compononta  m  Ip  for  uao 
in  tha  loc-prog  componant  P.  (aaa  Ft  ff.) 

COLONET(x,d>,y,ct,c2,ol,o2)  collact  tho  compononta  nacaaaary  to  apkt  obract-nat  P  ■  in  two  to  distinguish 

batwaan  a  now  object  ol  and  an  old  objact  o2,  d  fivaa  tha  location  whom  a 
diffaranco  hao  boon  found;  valuaa  for  ol  and  o2  at  d  aro  cl  and  c2;  k  ia  a 
counter  for  craatad  variable  namaa,  y  ia  tha  piece  of  LHS  that  wil  ba  uaad  in  tha 
aplit.  (aaa  FIO  ft  ) 

COPY  LAST(x,n)  n  ia  tha  laat  noda  viaitad  in  tha  COPY  LINK  aal  «  (T) 

COPV:LINK(o,»,Lk)  copy  a  valua  at  coma  location  in  o;  tha  aat  of  inataneee  with  tho  aama  ■ 

determine  a  link  path  using  I;  the  k'a  ara  numeric,  ordering  tha  aat  of  tinka  to  ba 
followed,  except  tha  laat  hnh't  k  ia  tha  valua  to  bo  pie  cod  ot  the  location  (T,QA) 

COPYOBJ(ol,o2)  ol  it  to  become  a  copy  of  o2,  tho  ergumento  become  (nl,n2)  during  tha  procaaa 
(C,QA) 

OECR  LAST(x,n)  n  ia  tha  laat  noda  viaitad  in  tho  DECRLINK  aal  x.  (T) 

OECR  L[NK(o,x,t,k)  dacramont  a  value  in  o  at  aome  location;  tho  aot  of  mafanooo  with  tha  aama  « 

determines  a  aat  of  Irnko  to  bo  tho  link  path;  the  aat  ia  ordered  by  tha  h’a, 

except  the  k  that  specifies  tha  value  of  the  decrement,  whtch  ia  rapmaantad  aa 
a  negative  integer  (T,  QA) 

DIFFR  EVAl(lp,xl,*2)  a  diffaranco  at  Ip  with  valuaa  xl  and  x2  ia  to  bo  evaluated  and  eaeignad  a 
numeric  difficulty  (0,  M) 

OIFFREVAL  RES!(lp.xl,x2>  atop  ona  of  tho  DIFFR  EVAl  procoat  (D) 

DIFFR  EVAl  RES2(lp,xl,x2>  atap  two  of  tho  OIFFREVAL  procete  ID) 

OIFFR  EVAL  RESULT(lp,xl,x2,k)  k  ia  tha  raaull  ot  tho  DIFFR  EVAl  proceea  (D.M) 

ERASE  APP(g,a)  oraao  tho  APPLY  OP  and  ASSIGNS  eignele  for  g  on  a.  (M) 

ERASE  CHOtCCS(x)  oraao  the  choioaa  gonortlad  in  tho  Try-OW-Goele  procaaa;  x  ia  a  dummy.  (C) 
ERASE  CHOICES  0(x)  araaa  tha  choioaa  generated  in  tha  CHOOSE  OLD  OBJ  method,  x  ia  a  dummy.  (E) 


•  DA,  OB,  LA,  LN,  and  LC  refer  to  created  not  Pa,  aaa  Appendix  D. 
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ERASE  CS(|)  •rm  the  CHECK  SAME  aignela  for  g.  (F) 

ERASE  CSP(g>  ready  to  do  ERASE  CS(g)i  this  it  present  juet  in  cnaa  no  ERASE CS  eigne)  ip 
otherwise  armttad  (F> 

ERASE  LPC(x)  araaa  tho  HASLP  COMPON  data;  m  re  e  dunxxy.  (M) 

ERASE  MATCH  DIFF(x)  araaa  all  MATCH  DtFF  iignete;  a  ia  a  dunany.  (M) 

ERASE  MDl(ol,o2)  araaa  MATCH.DI FF  aignalt  for  ol,o2.  (F) 

ERASE  ML1  (d, el, o2)  araaa  LOCEXTR  inalanoea  for  ol,  o2  (F) 

ERASE  MNKd)  araaa  HASLINK  inalanoea  for  d  (F> 

ERASE  MRKd,ol,o2)  araaa  MATCH  RES1  inalanoea  for  ol,  o2.  (F) 

ERASE  MVAL(g.x)  araaa  MATCHVAL  aitnala  for  g,  a.  (M) 

ERASE  OBJ(o)  araaa  o,  deeiroyinf  LINKS  and  HASVAL'e;  o  ia  alee  a  node  (F) 

EVALGOAL(g,k)  evaluate  |oel  if  ile  difficulty  ia  higher  than  h,  it'e  too  difficult.  (E,  M,  01) 
EXT:OANET(da,op)  check  whether  to  extend  doevod-eeeignment  net  by  addmg  da;  op  ia  the  rotated 
operator.  (F) 

EXT  DANET2(da)  extend  doeired-aeaignment  net  by  eddinf  da  (F) 

EXTlPNET(d)  check  whether  to  extend  loc  prof  net  by  locprog  for  d  (F) 

EXT:LPNET2(d)  extend  locprof  net  by  locprog  for  d.  (F> 

EXTONET(x,dy  l,y2,ol,o2>  extend  the  object  net,  epiitting  P  x.  the  difference  between  ol  (new)  and  o2 
(old)  ia  located  by  HASLINK'a  of  d;  value  a  at  that  lecatien  are  yl  and  y2.  (F) 
EXTREPR(o)  build  the  external  repreeentation  for  o.  (X,  F) 

FAIL{|)  signal  failure  of  g.  (E,  M> 

FAlLED(g)  t  be*  failed.  <E> 

FEASASG(op,de,g)  generate  a  feaaible  assignment  for  op  from  da  context  f.  (M,  OF,  F) 

FILE  DES  ASG(de,op)  file  da;  op  ia  the  related  operator  (M,  F) 

FILE  GOAL(g)  file  g  <M,  E,  F,  01) 

FIIE10C  PROG(d)  file  the  loc  prof  given  by  the  HASLINK’a  for  d  (F,  00,  QE,  K) 

FILEOBJECT(o)  file  o  (F.  M,  QI) 

FORM2INPUT  METHOO(g)  aifnal  for  the  (unimplemented)  two-input  form  operator  method  (M) 

F0RM0P  METHOD(f)  aignal  for  the  (unimplemented)  form  oporator  method  (M) 
GENDESASG(|,op,da,x,lp,k)  fanerate  variable-value  paiia  (ASSIGNS  N>  for  da,  in  context  of  f,  for  op;  x  ia  the 
particular  component  of  op  (HASMOVE  COMPON),  Ip  ia  the  location  of  tho 
difference  being  reduced  and  k,  if  non-zero,  ia  the  nice  of  tho  (nuamne) 
difference  <M> 

GENOES  ASG2(f,op,da,x,ip,k)  aecond  stage  of  GENDESASG,  carriea  on  after  a  cheek  for  component!  of  Ip.  (M) 
GETLP  COMPON(lp)  aignal  that  evokea  a  created  Ip  P  that  emita  tho  HASEPCOMPOfTa  for  Ip.  (hd  LC) 
GPSRINIT(x)  mitinkca  for  the  run;  x  ia  a  dummy  (E,  QI) 

HASACTUAL  OBJ(g.o)  g  hae  actual  object  o.  (M,  E,  F,  OL  V) 

HASALT:DIFFR(f,lp,k,xl,x2>  g  ha  a  alternative  difference  at  Ip,  difficulty  k,  value*  xl  and  x2;  only  apptieo  (o 
franeform  goalt  under  tho  RETRYTRANS  option  (M,  E) 

HASANTEC(gl,g2)  gl  hoe  antecedent  goal  f2.  (E,  V) 

HASDES  ASG(g,da)  g  haa  da  (M,  F,  V) 

HASOESIREO  OBJ(g.o)  g  haa  doaired  object  o  (M,  E,  F,  QI,  V) 

HASOIFFIC(g,k)  g  haa  difficulty  k.  (M,  E,  V) 

HAS0IFFR(g,!p,xl,x2)  g  haa  difference  at  Ip,  actual  value  xl  and  deeired  value  »2.  (M,  F,  V) 
HASEXTREPRto.x)  o  haa  external  repreaentation  x;  o  can  alao  be  an  Ip.  (F,  X,  V) 

HASLHS(x,k,y)  object-net  P  x  haa  LHS  y,  k  ia  the  nurdber  eeaoceted  with  tho  loot  variable 
created  for  it  (F,  OB) 

HASLINK(d,Lk)  d  haa  I.  k  ordera  the  aet  of  linke  ao  determined  with  0  at  tho  link  meat  dietant 
from  the  top  of  an  object.  (K,  QO,  QE,  F,  LN) 

HASLP  COMPON(lp.l)  Ip  haa  component  l  (F,  M,  LN,  LC) 

HASMOVECOMPON(op,x,y  l,y2>  move  operator  op  hae  component  x,  which  el  e  location  specified  by  the 

HASVAR'i  of  x  bring*  about  a  change  specified  by  an  eld  value  yt  end  a  new 
value  y2,  tor  inetanoa,  yl  •  LOW,  y2  •  HIGH,  specifying  *  numeric  mcrees*  (M, 

QI) 

HASNAME(d.lp)  d  haa  Ip  at  it  a  location,  aa  computed  from  HASLINK’e  fer  d  (F,  LN,  QI,  K) 
HASNCWFEAS(g,op,a.da»  g  haa  a  new  fettbl*  easignment  a,  baaed  on  de,  fer  op;  ite  detirebibly  io  k,  with 
higher  vetuee  more  desirable  (M,  QF) 
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MASNCWFEASiQRtXg.opAda.h)  eignel  the!  IK*  deexebikty  k  i«  to  be  cw^uM,  M  H  whii  In  HASNEWFEASi 

(ha  iriiMili  ara  at  for  HASNCWFEAS.  (OF) 

HASOP(g,op>  |  hat  op.  (F,  M.  £,  V) 

HAS0P.'DIFFR(g,op,lp,xl,x2)  (ha  operator  dtfforoneo  far  |  >a  *(  Ip,  with  actual  vatua  al,  do  aired  wakia  x2. 
<F,M> 

HASOP'-DIFFRASG<(,aplda,a,k,lp ,*1,«2>  op  ia  being  a  I  lamp  tad  by  with  a  generated  from  da;  a  difference  haa  baan 

found  at  Ip,  actual  value  at,  daaaad  value  x2;  k  |ivaa  I  ha  difficulty  evaluation  of 
tha  difference  (M> 

HASREPR(n,x)  n  haa  external  rapracantation  x,  mtanoadiala  bi  tha  external  ropraaantatton 
ceHaction  pracaaa  (EXTREPR)  for  obiacta.  (X) 

HASSUPER  GOAKf  1,(2)  (1  haa  auporgoet  |2  (E,  M,  V,  Ql> 

HASTOPNODE (o, n)  o  haa  n  aa  ita  top  node.  (K,  T,  C,  QA,  00,  LA.  OB,  01,  X,  F,  E) 

HASTRACE  LEVEKg.k)  (  haa  trace  (indentation)  level  k.  (E,  V) 

HASVAl(n,x)  n  haa  value  x;  n  ia  a  terminal  node  of  oome  object,  without  daufMor  LINKS' a.  (K, 
T,  C,  QA,  00,  LA.  OB,  F,  X,  QI> 

HASVAR(x.v)  x,  a  component  of  a  move  operator  (eea  HASMOVECOMPON),  haa  v  aa  a 
apaerfiar  et  one  of  tha  linke  of  tha  location  of  fho  components  change.  (01.  M) 
HASVAR  LINK(v,l)  I  ia  tha  link  aaaociatad  with  v,  v  ia  of  a  epecial  typo  of  variable  that  chengee  a 
value,  ao  that  the  value  aaeigned  to  it  ia  that  change  aa  oppoaad  to  tha  link 
locating  iome  change,  aa  la  the  caae  for  other  veriablea  (QI,  M) 

INCH  LAST(x,n)  n  ia  the  laat  node  viailad  in  tho  INCR  LINK  aat  x.  (T) 

INCR:LINK(o,x,Lk)  like  OECR  LINK,  except  tha  value  ia  to  be  incremented.  (T,  QA) 

INSET(op,x)  op  ia  in  operator  aat  x.  (M,  Ql  of  Monkey  taak) 

IS21NPUT(op)  op  ia  a  two-input  operator  (unmplemented)  (M) 
lSAPPLV:GOAl(g)  g  ia  an  apply  goal  (F,  M,  E,  V) 

ISOESCRIBED  OBJ(o)  o  ia  a  daacribod  object  (M,  01  and  OK  of  Monhay  taak) 

ISOUMMV(o)  o  ia  a  dummy  object,  uaed  aa  a  match  agamat  oome  object  to  determine  an 
arbitrary  difference  for  it,  in  tha  object  filing  procaaa;  it  haa  a  top  noda  only.  (F, 
EO) 

ISFORMOP(op)  op  ia  a  form  operator  (unimplemonted)  (M) 

ISMOVEOP(op)  op  ia  a  move  operator.  (M,  QI) 

ISREDUCE  G0AL(g>  g  ia  a  reduce  goal  (E,  F,  M.  V) 

ISSAME(ol,o2,x)  ol  ia  tha  eeme  aa  oZ,  aa  determined  by  object-net  P  x  (a  partial  determination  at 
boat).  (F.  OB) 

ISSAM£0A(dal,da2)  dal  ia  the  aame  aa  tha  previouely-known  deeded  aaergnnwnt,  da2  (F,  OA) 
13SAMEEQV(ol,o2>  ol  ia  the  tame  aa  the  pravioualy-known  o2,  ae  that  occurrenooa  of  ol  are 
equivalently  o2.  (F) 

ISSAME  GOAUg l,g2>  gl  ia  the  aame  ae  the  pravioualy-known  g2.  (F,  E) 

ISSET(x)  x  ia  a  aat  of  operatore,  in  a  table  of  connectione  (M,  QI  of  Monkey  feafc) 
BTRANSFORM  GOAL(g)  g  <a  a  tranaform  goal  (E,  F,  M,  V,  01) 

LAST:DAN£T(x)  x  ia  tha  laat  deaired-aaaignmant  net  P  added  (F,  E) 

LAST:LPNET(x)  x  ia  tha  laat  loc-prog  net  P  added  (F,  E) 

LASTONET(x)  x  ia  tho  laat  object  not  P  added  (F,  E) 

LINKS(Lnl,n2)  I  ia  tha  link  between  nl  and  nZ  in  noma  object,  nl  ia  tha  parent  node,  being 
doeer  to  the  top  node  (K,  T,  C,  F,  QA,  00,  LA  OB,  X,  01) 
LOC<CXTR(iudA.xl,x2,ol,o2)  extract  the  location  of  tha  drffaranca,  named  d,  between  ol  and  o2,  with 
reapactrva  valuee  xl,  x2,  k  ia  0  for  tho  taraimai  noda  of  tha  differences  and 
incraaaaa  towarda  tha  lop  node,  thua  uaabta  for  ordering  tha  extracted  location 
(aee  HASLINK)  (K,  F) 

LOC  PROG  RESULT(Lo.x)  x  ia  the  reault  of  applying  I  to  o  (LA,  M,  D) 

MATCHDIf  l(x)  x  ra  a  dummy  argument,  thra  argnala  that  tha  MATCHDIFF  procaaa  need  only 
return  a  emgle  difference,  to  be  uaed  in  building  tho  object  recognition  net.  (K,  F) 
MATCH  OIFF(nl,n2,ol,o2)  match  ol  and  o2,  nl  end  n2  are  the  currant  nodaa  being  matched,  axoapt  that  at 
tho  (op  level  they  ara  tho  objocta  themaelvae  (K,  F) 

MATCH-RES KcL* I ,x2,o  1  ,o2)  MATCHDIFF,  aa  redacted  by  MATCH  DIF),  on  al  and  o2,  haa  found  tha 
drffaranca  d  wrth  raapoctrvo  valuoa  xl  and  x2  (K,  F) 

MATCH  RESEXAM(ol,o2,x)  oxatmno  tho  raaulta  of  matching  ol  and  o2,  m  tha  procaaa  of  creating  the  ebjacf 
recognition  not,  x  it  tho  P  that  mdicolod  ol  end  o2  to  bo  trader.  (F) 
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MATCHRESTR(I)  matches  am  not  to  axeaww  bronehoi  of  on  abject  with  I  dbaetty  under  Ho  (or 

nod*.  (K,  01) 

MATCHRESLH.T(lp,xl,x2)  tho  rotuM  of  MATCH  DIFF  it  o  difference  ot  Ip,  values  xl  and  «2.  (K,  M) 
MATCH:VAL(lp,k,xl,x2>  tho  evaluation  of  MATCH  R£$UlT<lp.xl.x2>  io  k.  (M,  E) 

MATCH  VSET(lp,xl,x2>  oat  up  to  uao  tho  roault  of  0IFFR  EVALdp.a I ,x2).  (M> 

MCINIT(m)  initializo  for  Missionaries  and  Cannfeets  probtaa*  cf.  MKINIT  and  THIN1T  (or  tho 
othor  two  taaka  (QI) 

MCTHOOS  EXH(f)  mothoda  for  attainin|  |  aro  exhausted.  (E,  M) 

MORE  DA(x)  chock  for  furthor  aifnata  to  extend  tho  da aira d-aaaif nawnt  not;  thta  la  naeaaaary 
in  caao  mora  than  ona  aaaif  nmant  ia  to  bo  (Had  at  tho  aaxw  than.  (F) 

MOVEOP  METHOD(f)  uaa  tho  Mova-Oparator  method  to  attain  |.  (M) 

N€XTGOAt  APPLV(f,op,<U,k)  tho  next  foal  to  ba  triad  after  f  auccaoda  ia  an  apply  f  o*L  with  op,  da,  and 
difficulty  k.  (M,  E) 

MEXT  GOAl  TRANS(|,o)  the  next  f  o*l  to  ba  tried  after  t  auccaoda  ia  a  transform  foal  with  deairad  abject 

o  (M.  E) 

0MET:8UCC(f,ot,o2)  proceed  from  tho  object-net  buikknf  procaaa  with  ol  aa  the  roawtt  of  tho 
auccaaa  of  f;  o2  ia  the  now  object  found  to  ba  the  aaxw  aa  ol.  (F) 

OM€T  SUCCH((,ol,o2)  hold  the  amaaion  of  ONET  SUCC(f,ol,o2>,  aHowint  other  procaaainf  to  infarvpna 
(the  preoence  cf  ONET  SUCC  would  interfere  with  that  procaaainf).  (F) 

RECOG  GOAl(f)  apply  the  racofmlion  teat  lo  a  new  foal  |,  to  aaa  if  it'a  a  repetition.  (F,  E) 
REDUCE  METHOD(f)  uaa  Iho  Reduce  method  to  attain  |  (M) 

REDUCEOPCHK(|,op,o)  chock  the  reeult  of  apptyinf  op  (a  form  operator)  to  o,  In  content  f 
(ummplamantad).  (M) 

REMLAST(x,n)  n  ia  the  laat  node  viaitod  in  the  REM  LINK  eat  x.  (T) 

REM  LINK(o,x,l)  remove  aoma  link  or  aot  ot  links  from  o;  oil  auch  with  the  aaxw  x  constitute  a 
Imk  path;  the  removal  ia  at  everythmf  below  the  node  at  the  end  of  tho  link  path. 
(T,  QA> 

REPLHSP(x)  the  IHS  of  P  x  hat  been  replaced  (F) 

REPRHSP(x)  the  RHS  of  P  x  haa  bean  replaced.  (F> 

RESULTSETUP(d,xt,x2)  eat  up  lo  uao  tho  reeult  of  filinf  the  loc-prof  apacitiad  by  d.  (K) 

RETRV(f)  f  ia  bainf  retried.  (M,  E) 

RETRY  TRANS(x)  ttfnal  that  the  retry  cf  tranaform  foal*  ia  enabled,  thta  ia  a  pacified  by  the  us or 
at  th*  atari  of  a  run,  not  mtornolly  accordinf  to  aaaw  problaat-eolvinf  atratefy 

(M,  E) 

SELECT :OES  ASG(op, Ip, f,xl,x2)  aatact  a  danrad  aaaifnmant  for  op,  to  mako  a  chanf*  from  vatu*  xl  to  vatu*  x2 

al  th*  location  apacitiad  by  Ip  (M) 

SELECT  METHOO(f)  aalact  a  method  to  apply  to  attexi  f  (M,  E) 

SELECT-NEW  OBJ(x)  aifnal  that  the  xetection  of  now  object*  (th*  Naw-Obj  criterion)  io  o  nab  tod,  a*  in 
GPS'*  Exptndad-Trantform  method;  thio  ia  an  external  awitclv  Hko  RETRY  TRANS. 

(E) 

SELECT-OP(f,x],x2>  aalact  an  operator  to  chanf#  from  valu*  x)  fo  x2,  in  f.  (M) 

SPL[TOB(w,xl,x2,y l,y2,z I,z2)  comptala  the  apliltmf  procaaa  on  object-net  P  w;  xl  end  x2  are  piaoaa  of  tho 

IHS  of  w,  yl  and  y2  are  value*  that  datarann*  how  it's  to  bo  dono;  tl  and  >2 
aro  rotavant  variable*  wilhm  th*  P  (F) 

SPROUT  RED-APP(f,op,lp,x|,x2,k)  aprout  a  n*w  reduce  foal  with  difference  at  Ip,  actual  vekm  xl  and  doairod  value 

x2,  to  bo  followad  by  an  apply  fo*L  with  op;  k  i*  a  difficulty  valua  to  ba  uaad  in 
tvaluatinf  (ho  now  f  oala  (M) 

SPROITTRED TRANSOp. k.xl,x2.f)  aimilar  to  SPROUT  RED  APP,  except  th*  foal  to  follow  ia  a  tranaforai  foal  (M) 
SUCCEEO(f.o)  f  auccaoda  with  ratull  o  (M,  E,  F) 

SUCCEEDED(f.o)  f  haa  auccaadad  with  raault  o  (E) 

TEST  ONET(o)  taat  for  the  praaanc*  of  obioct*  aimilar  to  o  in  th*  abject  net.  (F,  OB) 

TEST  ONETF(o)  fmirhad  with  th*  taat  tifnallad  by  I  cSTONET(o)  (F) 

TEST  ONETR(o)  chock  tho  roault  of  TEST  ONET(o)  IF) 

TEST  ONETSfo  l,o2,x)  o2  waa  found  to  be  aimilar  to  ol,  •*  tested  by  P  x.  (F) 

TRACE  ASG(da)  print  s  trace  of  da  (V) 

TRACE  GOAL(f)  print  a  trace  of  f  (V,  F) 

TRACE  !N0(k)  k  is  th*  trace  indentation.  (V,  E,  F,  QA) 

TRACE  OBJ(o)  print  a  trac*  of  o.  (V) 
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TfiACMG(x)  •  dummy  predicate  wKon  erfument  ie  ■  function  col  wheee  evaluation  neeutta  in 

o  printout  of  o  trace  lino  (V,  E,  F,  QA) 

TRANSF2(f)  oifnoi  ttio  end  of  the  firot  "atop*  of  the  trenaform  method;  the  ftret  “atop* 
evokee  tho  MATCH  DIFF  method  tM) 

TRANSF3(f)  oifnoi  tho  end  of  tho  oocond  *otop*  of  tho  tronoform  method,  which  ovotuotoo 
MATCH  DIFF  rooultc  ready  to  proceed  uemf  thooo  reoulto.  (M,  E) 

TRANSFORM  METHOD(f)  uoe  tho  Treneform  method  to  attain  |  (M) 

TRVXM.D  COALS(|)  evoke  tho  Try-Old-Goela  proceoo  oftor  quittinf  |  (E> 

TRVAPP(f.op)  evoke  tho  Try-Apply  eubmethod,  to  apply  op  to  attorn  f  (M> 

TRYAPP2(f)  iijnal  the  final  eolection  in  the  Try-Apply  eubmethod  (M) 
TRYAPPDlFFRSETUP(|,op,da^,lp,xl,»2)  eat  up  to  examine  the  retulle  of  eveluetmt  an  operator  difference  within 

the  Try-Apply  eubmethod;  the  erfumente  five  the  fool  context  (f,op,da,a)  end  the 
difference  (at  Ip,  ectuel  value  xl  and  doatred  value  x2>.  (M) 

TRVAPPRESUlT(f,op,de,a,k,lp,xl,x2)  the  reeult  of  the  Try-Apply  eubmethod  it  a  difference  (at  Ip,  ectuel  value  xl 

end  deeired  value  xl)  with  difficulty  k,  f,  op,  da,  and  t  ere  context.  (M) 
TRVAPPH(f,op>  hold  tho  TRVAPP  tifnal  for  f  end  op  while  tome  other  TRYAPP  eignel  ie  be  inf 
proceaeed,  or  while  multiple  feaeble  aeaifninente  are  fenereted  (M) 

VAR  OOMAIN(v,x)  x  ie  in  the  domain  of  v  (M,  QF,  QI> 

XRC0ll<nl,n2,t)  collect  the  external  repreeentation  (HASEXTREPR)  for  nl,  in  eome  object;  n2  ie 
the  parent  node  of  nl,  linked  by  l  (X) 
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D.  Tasks  Given  to  GPSR 


GPSR  has  performed  three  of  the  eleven  tasks  given  to  Ernst  and  Newell’s  GPS.  The 
three  chosen  ones  represent  a  relatively  wide  range  of  variation,  with  the  easiest  one 
chosen  as  a  good  initial-debugging  task.  The  easiest  task  for  GPSR  is  the  Tower  of  Hanoi 
(TH),  in  the  sense  of  requiring  a  minimal  amount  of  executive  and  method  machinery.  The 
next  task  on  which  GPSR  was  tested  is  the  Missionaries  and  Cannibals  (MC);  this  is  the 
most  difficult,  requiring  the  full  generality  of  the  backup  machinery  in  the  executive  and 
methods.  The  Monkey  (MK)  task  was  tested  last;  it  has  some  important  differences  in 
terms  of  peculiarities  of  formulation. 

Figure  0.1  gives  a  hierarchy  of  the  eleven  GPS  tasks,  computed  on  the  basis  of 
Figure  90  of  Ernst  and  Newell  <1969,  page  270),  which  gives  the  basic  processes  and 
methods  used  by  GPS  to  solve  the  various  tasks. 


Water  Jug 

MC 

Missionaries  and  Cannibals 

Father  and  Sons 

BK 

Bridges  of  Konigsberg 

Towers  of  Hanoi 

MK 

Monkey 

Three  Coins 

LS 

Letter  Series  Extrapolation 

Parsing  Sentences 
Predicate  Calculus 

IC 

Integral  Calculus 

Figure  0.1  A  hierarchy  of  tasks  by  method  usage 

WJ  uses  ten  methods,  nine  of  which  are  used  by  MC;  of  MC's  nine,  six  are  used  by  BK  and 
five  of  those  are  used  in  TH,  MK,  3C,  and  IS.  PRS  uses  the  methods  of  BK,  plus  two 
others,  but  the  two  it  uses  are  not  used  in  MC,  so  PRS  is  on  a  distinct  branch  of  the 
hierarchy.  PC  uses  three  methods  not  used  by  IC,  and  IC  uses  one  not  used  by  PC.  PRS, 
PC,  and  IC  differ  from  the  other  tasks  »n  using  form  operators  instead  of  using  move 
operators  exclusively.  (GPSR  has  no  facility  for  form  operators;  see  Section  GLl.)  From 
the  figure  it  is  evident  that  the  set  of  tasks  chosen  represents  a  suitable  range  of 
difficulty  with  respect  to  methods  and  processes  used. 

By  peculiarities  of  task,  beyond  the  method-process  distinctions  above,  TH  ia 
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relatively  simple  both  in  specification  and  in  behavior.  MC  is  more  complicated:  It  uses  the 
capability  of  retrying  transform  goals,  it  has  selection  by  the  New-Obj  criterion,  goals  fail 
and  retrying  is  necessary,  it  has  numeric  differences,  it  has  a  match  restriction,  and  its 
operator  has  post-tests.  MK  adds  the  following  peculiarities:  more  than  one  operator,  a 
non-restrictive  table  of  connections,  and  a  described  object  as  its  desired  object.  The 
three  tasks  TH,  MC,  and  MK  together  have  operators  that  use  almost  a  complete  set  of 
transformations  and  tests  (Figure  8.4).  in  terms  of  probtem-solving  effort,  MC  is  one  of 
the  most  difficult  of  the  eleven  GPS  tasks,  whereas  MK  is  one  of  the  easiest)  TH  Is 
intermediate,  but  its  solution  is  done  by  GPS  and  GPSR  with  no  mistakes  in  move  choices. 


D.2.  The  external  representation  of  tasks  for  GPSR 
APs  for  typical  task  Ps  are  given  in  Figure  D.2. 


7.  QI:  initialize;  1  P  7. 

QI:  init-signal  ->  gpsr-init  &  file-object(INlTIAL:OBJECT  and  DESIRED.-OBJECT) 

&  file-goal  &  eval-goal  &  create-top-goal  &  INITIALOBJECT 
&  DES1RED:0BJECT  &  TABLEtCONN  &  DIFF.ORDER  &  match-restriction’s 
&  var-domain’s  &  move-op-compon’s; 

Z  QA’s:  apply  operators;  1  P  per  operator  Z 
QA’s:  apply-op  &  feas-asg  &  pre-tests -ok  &  post-tests-ok  &  transformations-feaslble 
->  copy-object  &  apply-transformation’s  &  apply-result; 

Z  QD's:  operator  differences;  1  P  per  type  of  difference  Z 
QD’s:  apply-op  &  feas-asg  &  test-bad  ->  file-loc-prog  &  opr-diffr-setup  &  location-link’s) 

Z  QEV  collect  results  of  naming  operator  differences;  2  Ps  Z 
QEa:  opr-diffr-setup  &  loc-prog-name  &  location-link’s(some  other  diffr) 

->  file-loc-prog  &  opr-diffr; 

QEb:  opr-diffr-setup  &  loc-prog-name  &  not  location-link’s  ->  opr-diffr; 

Z  QPs:  generate  feasible  assignments;  1  P  per  type  of  assignment  Z 
QPa:  gen-feas-asg  &  var-domain’s  &  desired-asg->  feas-asg; 

where  opr  ■  operator,  diffr  ■  difference,  feas-asg  ■  feasible  assignment. 

Figure  D.2  APs  for  task-specific  information 


The  task  Ps  are  grouped  into  five  types:  QI  does  initialization,  the  QA’s  apply  operators, 
the  QD’s  extract  operator  differences,  the  QE’s  collect  the  results  of  operator  difference 
filing  (naming),  and  the  QF’s  generate  feasible  assignments  given  desired  assignments.  The 
QI  P  initializes  by  setting  up  the  main  goal,  defining  task  objects,  and  describing  the  move 
operators  in  a  form  usable  by  the  desirable-assignment  selection  process  (see  M30c, 
Figure  C.4);  QI  is  evoked  by  an  initialization  signal  typed  externally  by  the  user  to  begin 
the  run.  It  evokes  the  executive  initialization  P  and  starts  the  solution  process,  with 
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signets  used  by  EOa  and  EOb  (see  Figure  C.2).  The  QA’s  apply  task  operators  in  response 
to  "epply-op"  from  the  Try-Apply  submethod  (M40a  in  Figure  C.4),  using  feasible 
assignments  generated  by  the  QF’s. 

Operator  differences  are  produced  by  the  QD’s,  responding  to  the  same  signals  as 
the  QA's;  there  is  usually  one  QD  to  recognize  each  type  of  operator  difference  possible, 
based  on  failure  of  individual  tests  that  are  necessary  for  operator  application.  Since 
many  operator  differences  may  be  generated  at  once,  the  QE’s  are  necessary  to  collect 
them  and  to  make  sure  that  all  of  them  have  been  processed  (their  differences  are  filed 
and  named)  before  passing  control  back  to  the  Try-Apply  submethod  via  the  "opr-diffr" 
signal.  The  QF’s  respond  to  the  "gen-feas-asg"  signal  from  M30c  and  M50b  in  the  Reduce 
and  Move-operator  methods  (Figure  C.4).  The  feasible  assignment  is  generated  using  task- 
specific  variable-domain  information,  and  control  simply  falls  back  to  the  evoking  process. 
The  following  subsections  will  go  into  more  detail  on  how  the  objects,  operator 
information,  tests,  and  variable -domain  information  are  expressed  in  particular  tasks. 


D.3.  The  Monkey  task 

The  Monkey  task  (MK)  has  already  been  introduced  in  Section  C.l.  Two  variants  of 
MK  were  tried,  one  with  the  original  Ernst  and  Newell  table  of  connections,  and  a  second 
with  a  more  restricted  one.  The  Ps  for  MK  are  at  the  beginning  of  Appendix  B.  Traces  of 
the  behavior  for  the  two  versions  are  in  Appendix  E  and  Appendix  F. 

The  Ps  for  MK  are  the  simplest  of  the  Ps  for  the  tasks.  QI  is  the  initialization  P,  of 
which  representative  extracts  appear  in  Figure  D.3. 


Th#  initial  objoct 

&  OBJECTONITIAL  OBJECT, '(MONKEY  PLACE  PLACEI  BOX  PLACE  PLACEZ)) 
whin  OBJECT  ia  a  PSMACPO  (hat  tonvaria  it.  •aeond  arfumant  into  a  aat  of  LINKS,  HASVAL, 
and  HASTOPNODE  conjunct. 

Th*  tab  la  of  connrctiona  (moro  ra.trict.d  variant): 

*  OBJECTCTABLE  CONN,'(MONKEY.PLACE  0P  SET1  MONKEY  HAND  GET  BANANAS  BOXPLACE  MOVE  BOX)) 
4  ISSETCOPSETI)  &  INSETCCLIMB/OPSETi)  ft  INSETOMOVE  BDX/OPSET I)  ft  INSETCWALK.’OPSETl) 

Ordarinf  tha  diffaranca. 

*  OBJECTCDIEFOROEfi, '(MONKEY  PLACE  I  MONKEY  HANO  3  BOX  PLACE  2)) 

Variabla  doraiin.,  uaad  in  eon.trucfmj  ...>tnm*nU 

ft  VAB  DOMAINCMOVE  TO/PLACE  I )  ft  VAR  DOMAINCMOVE  TO, “PLACE2) 
ft  VAB  DOMAINCMOVE  TO, 'UNDER  BANANAS) 

Oparator  component*,  utad  by  !h*  do.ir.biMy  ..taction  proca.t: 

ft  HAS  MOVE  COMPONCMOVE  BOX/MB  1,'ARB, 'ARB)  ft  HASVARCMBl.’MOVE  TO) 

Figure  0.3  Extracts  from  the  RHS  of  QI  of  the  MK  task  Ps 


The  desired  object  is  a  described  object,  not  given  explicitly  (to  do  so  would  be  to  give 
away  the  solution),  but  encoded  as  P  QK,  which  recognizes  and  emits  the  critical  difference 
between  a  given  object  and  the  desired  solution;  the  critical  difference  is  the  absence  of 
bananas  in  the  monkey’s  hand.  Two  different  tables  of  connections  (TABLErCONN)  are 
given  in  QI,  one  for  each  variant;  the  one  selected  depends  on  the  positioning  of  the  7. 
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comment  characters.  Both  of  them  make  connection  to  named  sets  of  operators,  which  ere 
defined  after  the  tables.  After  that,  the  DtFFiORDER  object  and  information  on  the 
components  and  variables  of  the  move-operators  is  given. 

To  illustrate  the  representation  of  operator  pre-tests,  consider  P  QAM,  the  one  to 
apply  the  operator  MQVE:BOX  (Figure  D.4). 


Respond  to  APPLY  OP  «ign*l  with  Ik*  appropriate  argument: 

QAM,  "APPLY  MOVE  BOX"  ==  APPLY  OP(OPAOBJ)  A  SATISFIEStOP.OP  EQ  *MOVE  BOX) 

Bind  eesifnment: 

A  ASSIGNS(AMTO.LOC) 

Get  the  value  of  the  monkey'a  location: 

A  HASTOPNODEtOBJ.N  1 )  A  LINKStL  1.N1.N2)  A  SATISFIES(L1,L1  EQ  ’MONKEYPLACC)  A  HASVAL(N2,Vl) 
Check  that  the  value  of  the  box’ a  location  ia  the  aame,  bound  to  VI: 

A  LINKSCL2.N1.N3)  A  SATISFtES(L2,LZ  EQ  ’BOX  PLACE)  A  HASVAL(N3,Vt) 

Check  that  it'a  not  already  thora  and  aetablish  trace  indent  value: 

A  VNEQO/l.LOC)  A  TRACE  !N0(K> 

Create  new  object  token  and  print  trace  meaeaga 

->  EXISTS(O)  A  TRACING(TRACEPRINTM(<’APPLV,OP,'TO,OBJ,,GET,Ol<MTO,LOC»,K» 

Signet  that  the  object  ia  to  be  copied: 

A  COPY  OBJ(O.OBJ) 

Set  up  the  data  for  the  COPY  LINK  operation,  which  changea  valuea  at  two  location* 

A  COPY  LINKtO, l.L  1  ,LOC)  A  COPY  LINK(0,2,L2,L0C) 

Report  reaulta,  and  eraae  the  apply  aignai  and  the  aaeignawnt: 

A  APPLY  RESULT(OP.O)  A  NEGATE(1,3), 

The  operator  difference  P,  QOM,  ia  anadar  except: 

Bind  the  aaaignment: 

6  ASSIGNStA.Xl.X2) 

Check  that  the  box'e  location  <a  different: 

A  MASVAL(N3,V2)  A  VNEQ{V1.V2) 

Check  that  the  box  ien't  already  at  the  daaxad  location: 

A  VNEQ(X2.V2) 

Create  a  difference  token,  file  the  difference,  and  aat  up  to  report  the  reault: 

->  EXlgTS(D)  A  FILE  LOCPROG(D)  A  APPLY  OIFFR  SETUPtD.OP.Vl.VZ) 

A  HASLINK(D.Ll.O)  A  NEGATEU.3). 

Figure  0.4  Extracts  of  operator  application  and  operator  difference  Ps 


MOVErBOX  has  a  variable  MOVEiTO  that  gives  the  target  location  of  the  move.  The  pre¬ 
test  for  MOVE-.BOX  requires  that  both  monkey  and  box  be  at  the  same  place,  a  place  not 
equal  to  the  target  location.  Thus  the  test  consists  of  finding  the  two  locations  and  testing 
that  they’re  the  same,  but  distinct  from  the  target;  the  fourth  to  the  eleventh  conjuncts  in 
the  LHS  of  QAM  do  just  that,  following  links  in  the  object  from  its  top  node  to  the  terminal 
values,  the  identity  being  tested  by  simple  match-variable  identity  (VI).  In  QDIv^  which 
generates  an  operator  difference  for  MQVE:BOX,  the  corresponding  test  is  for  inequality  of 
the  two  values,  but  otherwise  the  mechanics  of  the  test  are  the  same  as  in  QAM 

The  trace  for  MK  given  in  Appendix  E  is  accompanied  by  more  detail  than  is  given 
for  any  of  the  other  traces:  it  includes  the  trace  of  P  firings  and  a  control  flow  summary 
that  was  generated  from  the  P-firing  trace.  The  P-firing  trace  is  paragraphed,  with  breaks 
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occurring  at  places  where  a  main  goal  trace  line  is  printed  in  the  ordinary  trace  (such  a 
line  starts  with  a  series  of  dots).  With  this,  the  reader  should  be  able  to  follow  in  great 
detail  the  workings  of  the  program,  at  selected  points  in  the  trace.  Each  P  firing  as  traced 
consists  of  a  P  name  followed  by  followed  by  that  firing’s  ordinal  number.  The  control 
flow  summary  is  a  graphic  display  of  how  control  passes  from  one  group  of  Ps  to  anotheri 
the  groups  are  determined  by  P  names’  first  letter.  In  addition,  there  is  an  indication  of 
how  many  firings  there  were  in  a  group  before  control  changed  to  another  group. 

The  behavior  exhibited  on  MK  with  the  original  table  of  connections  is  interesting 
and  useful  for  illustrative  purposes,  but  is  pathological  for  reasons  explained  below.  The 
monkey  walks  to  the  box,  climbs  onto  it,  climbs  down,  climbs  again,  and  finds  itself  in  a 
repeated  situation  (G- 11);  going  back  to  its  starting  place,  it  walks  to  the  place  under  the 
bananas,  finds  that  doesn’t  work,  walks  to  the  box,  pushes  it  under  the  bananas,  climbs, 
and  gets  the  bananas.  One  interesting  thing  about  the  task  formulation  is  brought  out: 
there  is  no  "unclimb"  operator,  but  the  WALK  operator  is  sufficiently  loosely  specified  that 
it  serves  the  same  function.  The  behavior  is  interesting  because  it  illustrates  some  failure 
and  backup.  Its  lack  of  direction  is  due  to  defects  in  the  desirability  selection  process, 
whose  task  is  to  construct  a  partial  assignment  potentially  suitable  for  reducing  a 
difference. 

The  process  of  constructing  an  assignment  is  in  three  stages:  selecting  relevant 
operators  based  on  the  table  of  connections,  constructing  a  desired  (partial)  assignment 
based  on  knowledge  of  the  move  operators,  and  constructing  a  feasible  assignment  from 
that,  using  information  on  allowable  variable  domains  and  restrictions.  In  this  task,  the 
move  operators  contain  COPYiLINK  operations,  which  simply  change  the  value  at  some 
location  in  an  object.  The  second  stage  makes  use  of  operation-specific  information,  and  in 
the  case  of  MK,  it  was  extended  to  take  the  C0PY:L1NK  operations  into  account.  That 
extension  turned  out  to  be  inadequate,  but  it  wasn’t  discovered  to  be  so  because  of 
incorrect  error  diagnosis.  The  problem  of  the  aimless  behavior  described  above  was 
diagnosed  as  resting  in  the  first,  relevant-operator  selection,  stage  (it  was  thought  that 
GPS  simply  had  a  lucky  order  in  the  way  it  picked  Operators)  so  that  a  more  restrictive 
TABLEiCONN  was  constructed;  the  observed  behavior  then  corresponded  to  the  solution 
exhibited  by  Ernst  and  Newell  (see  the  trace  of  the  second  version,  Appendix  F).  The 
code  for  COPY-LINK  operations  is  not  selective  enough  because  it  doesn’t  take  into  account 
all  the  available  (or  potentially  available)  location  information;  for  instance,  CLIMB  was 
selected  in  G-2  as  desirable  because  no  check  was  made  to  find  the  MONKEY:HAND  location 
of  the  difference. 

How  the  desirability  selection  would  need  to  be  changed  to  treat  this  task  more 
intelligently  involves  two  correc’ions:  mjking  the  task  specification  slightly  more 
informative,  which  can  be  done  quite  easily  in  the  present  framework;  and  reorRanizing  the 
process  to  react  more  smoothly  to  an  abortive  attempt  to  construct  a  partial  assignment, 
and  to  be  able  to  better  detect  when  a  partial  assignment  that  has  been  built  is  as 
complete  as  possible  within  given  information.  These  two  corrections  are  sketched  below, 
but  have  not  been  made  for  the  present  report  because  the  correct  diagnosis  was  slow  in 
emerging,  and  because  it  is  not  sufficiently  important  to  justify  the  effort  involved  (all 
tasks  use  parts  of  the  process  that  would  be  affected).  Also,  the  negative  effects  of  the 
deficiency  are  local  to  the  MK  task. 
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The  desirability  selection  process  was  not  described  in  detail  in  Ernst  and  Newell,  so 
that  the  approach  for  GPSR  was  to  build  it  up  to  a  level  adequate  for  each  task  as  it  was 
tried,  and  to  delay  a  more  general  treatment  until  it  was  found  to  be  necessary.  The 
mistake  in  developing  the  desirability  selection  process  piecemeal  as  tasks  were  added  to 
GPSR’s  repertoire  was  that  for  each  task  the  tendency  was  to  consider  that  everything 
done  by  the  desirability  selection  process  was  evident  in  the  result,  namely  that  it  only 
used  information  indicated  explicitly  in  the  desirable  assignments  to  operator  variables. 
This  strategy  is  correct  for  TH  because  assigning  variables  is  all  that's  necessary.  It  is  not 
quite  enough  for  MC,  and  in  fact  a  patch  was  made  to  correct  the  deficiency  there  (the 
addition  of  HASVAR.LINK  to  associate  a  location  link  with  the  value  assigned  to  a  variable). 
The  necessity  of  this  patch  was  not  transferred  to  MK,  which  is  slightly  worse  because 
some  operators  have  no  variables  at  all.  Instead,  as  described  above,  the  fault  was 
deemed  to  lie  in  TABLE.-CONN,  and  fixing  that  made  the  behavior  adequate. 

It  is  now  apparent  that  desirability  selection  must  use  full  information  about  the 
locations  of  the  effects  of  a  move  operator.  The  process  is  given  the  loc-prog  of  a 
difference  and  the  desired  change  at  that  location.  It  must  match  this  to  a  move  operator 
component,  which  must  specify  the  location  of  the  change  brought  about  by  that 
component  of  the  operator  and  the  nature  of  the  change  that  it  brings  about.  The  change 
is  expressed  symbolically  as  a  pair  of  values:  in  MC,  (LOW,  HIGH)  is  used  to  indicate  a 
numeric  increase;  in  TH,  (UNDEF,  YES)  is  used  to  indicate  moving  a  YES  from  one  place  to 
another;  and  in  MK,  (ARB,  ARB)  is  used  to  indicate  (vaguely)  a  change  from  one  value  to 
another  (perhaps  ARB,  in  retrospect,  should  be  replaced  by  the  name  of  a  variable  domain 
or  some  other  set).  The  meanings  of  these  symbols  are  built  into  the  desirability  selection 
process;  for  instance,  it  knows  how  to  match  a  difference  pair  (3,  1)  to  the  move-operator 
component  (HIGH,  LOW).  The  process  first  matches  a  move-operator  component’s  change 
pair  with  the  difference  pair,  and  then  matches  the  respective  location  descriptions.  The 
location  of  the  difference  is  given  as  a  constant  link  path,  but  the  move-operator 
component's  location  is  in  general  a  path  some  of  whose  links  are  variables  with  specified 
domains.  When  a  variable  matches  to  a  constant,  the  process  constructs  a  pair  that  goes 
Into  the  desired  assignment  that  is  the  process’s  output.  The  change  necessary  in  the 
present  implementation  is  that  the  move-operator  component  location  must  be  specified 
and  matched  in  its  entirety,  including  all  constant  links,  some  of  which  are  not  presently 
used.  This  change  is  sufficient  in  general,  and  in  particular  will  remedy  the  MK  problem 
and  include  as  a  special  case  the  solution  that  was  used  for  MC. 

The  matching  should  be  set  up  so  that  a  failure  to  match  completely  is  noted, 
resulting  in  an  orderly  abandonment  of  the  process.  In  addition,  given  the  general 
capabilities  of  the  match,  it  might  be  useful  to  rate  a  desirable  assignment  according  to 
goodness  of  fit  and  specificity  of  the  effect  to  the  change  expressed  by  the  difference  (for 
instance  (UNDEF,  YES)  is  more  specific  than  (ARB,  ARB));  such  a  rating  would  perhaps  allow 
some  discrimination  among  a  set  of  alternative  operators  or  desired  assignments. 


D.4.  The  Tower  of  Hanoi  task 


The  Tower  of  Hanoi  task  (TH)  has  been  described  in  Section  A,  Figure  A.l.  Ps  for 
the  task  and  the  trace  of  GPSR  solving  it  follow  those  for  MK  in  Appendix  B  and  Appendix 
F.  The  task  Ps  have  several  features  of  note.  The  P  that  applies  the  MOVE.’DISK  operator, 
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QA,  contains  two  nested  conjunctions  (form:  NOT(  EXISTS  ...  ))  that  perform  in  one 
sequence  of  tests  the  pretests  for  rule  legality;  the  first  tests  that  no  smaller  disk  is  on 
top  of  the  disk  that  is  to  be  moved,  while  the  second  tests  that  no  smaller  disk  la  on  the 
peg  onto  which  the  disk  is  to  be  moved  (see  Figure  0.5). 


QAi  'APPLY  MOVEOISK"  APPLY  0P(0P,ASG, OBJ)  A  SAT/SFIESIOP.OP  EO  'MOVE  DISK) 

Establish  variable  binrimf  a 

*  ASSIGNS(ASG,TP,TPV>  A  SATISFI£S(TP,TP  EO  'TOPED) 

A  ASSIGNS(ASG,FP,FPV>  1  SATISFIESIFP.FP  EO  'FROM  PEG) 

*  ASSIGNS(ASG,HP,HPV)  A  SATISFIESIHP.HP  EO  'OTHER  PEG) 

A  ASS!GNS(ASG,D,DV>  a  SATJSF1£S(0,D  EQ  ’DISK) 

Tsst  that  tha  diok  to  ba  moved  i  al  (he  FROM  PEG. 

A  HASTOPNODE(OBJ,NI )  A  UNKS(FPV,NI,FN!>  A  LlNKS(DV,FNl,FN2> 

A  HASVAL(FN2,FV>  A  SATISFIEStFV.FV  EO  VES) 

Tsst  that  no  smaller  dieka  ere  on  (op  of  (he  dirk  (o  be  moved 

A  NOT<  EX1STS(01,N2,N3,N3V)  A  UNKS(FPV,N1,N2)  A  UNKS(DI,N2.N3)  A  SMALIER(D1,DV> 
A  HASVAUN3.N3V)  A  SAT!SFI£S(N3V,N3V  EO  ’VES)  ) 

And  teat  (hat  no  emeller  dieka  ere  at  (he  tar|at  pot 

A  NOT!  EXISTS(Dl,N2.N3,N3V)  A  UNKS(TPV,N1,N2>  A  LINKS(DI,N2,N3)  A  SMALLERIDl.DV) 
A  HASVAUN3.N3V)  A  SATISFIES(N3V,N3V  EQ  'VES>  ) 

Figure  0.5  Pre-tests  for  the  MOVE-.DISK  operator  in  TH 


Note  that  the  size  of  disks  is  determined  by  explicit  Working  Memory  items  that  give  the 
binary  "smaller"  relation  between  all  disks  (see  Qt).  The  P  that  generates  operator 
differences,  QD,  incorporates  the  trick  used  in  GPS,  namely  that  an  operator  is  inapplicable 
if  all  the  disks  smaller  than  the  one  to  be  moved  are  not  on  the  other  peg,  the  peg  that  is 
neither  the  FROM:PEG  nor  the  T0:PEG  So  QD  tests  the  other  peg,  and  for  every  smaller 
disk  that  isn’t  there,  it  emits  an  operator  difference.  Tests  for  all  the  smaller  disks  are 
done  in  one  match,  and  the  P  fires  "simultaneously"  for  all  the  differences  found.  QE  and 
QE2  ensure  that  all  the  operator  differences  found  are  filed  and  named  before  passing 
control  back  to  the  Try-Apply  submethod;  QE  tests  that  all  are  finished,  and  QE2  reasserts 
signals  to  the  filing  process  that  have  not  been  processed.  The  feasible  assignment 
generator,  QF,  is  also  set  up  to  fire  more  than  once,  simultaneously  generating  a  set  of 
combinations  of  feasible  variable  assignments  (Figure  0.6). 


OF,  "FEASIBLE  ASG  GEN"  FEASASGIOP.DA.G)  A  SATISFIESIOP.OP  EO  'MOVE  DISK) 

•atabliah  BtEif nmants  made  by  desirability  selection 

A  ASSIGNS  0(0A,VAR.VAL)  A  SATISFIESIVAR.VAR  EO  ’DISK) 

A  ASSIGNS  D(OA,VAR2.VAL2>  A  SATISFIES(VAR2,VAR2  EO  'TO  PEG) 

H*  (ha  unaaaifned  purl  of  (bo  p«|  aat  and  apply  excluciona 

A  ISPEG(VAL3)  A  ISPEG(VAIA)  A  VNEQ(VAL2.VAL3)  A  VNEQCVAL2,VAl«>  A  VNEQ(VAL3,VAL4> 
aaaarl  (ha  conotrucforf  anr^nmanfa.  one  per  eucoacelul  match 

•>  EXISTS(A)  A  HASNEWFEAS(G,OP,A.DA.0>  a  ASS!GNS(A.VAR,VAL)  A  ASSIGNS(A,VAR2,VAL2> 

A  ASSIGNS(A,'FPOM  PEG.VAL3)  A  ASSIGNS(A,'OTHEB  PEG.VALd)  A  NEGATE!  J), 

Figure  0.6  Generalion  of  feasible  assignments  in  TH 
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It  starts  out  with  two  operator  variables  (DISK  and  TO:PEG)  already  assigned  by  the 
desirability  selection  process.  Using  the  set  of  pegs,  ISPEG,  it  then  arbitrarily  selects 
values  to  be  assigned  to  the  other  operator  variables  (FROM:PEG  and  OTHER:PEG)  and 
finally  forces  the  selections  to  be  non-overlapping,  with  distinct  values  assigned  to  each 
operator  variable. 

The  behavior  of  GPSR  on  this  task  is  remarkable  in  that  no  mistakes  are  made.  This 
is  due  to  the  trick  mentioned  above  of  looking  at  the  "other”  peg  to  extract  operator 
differences.  For  instance,  in  Figure  D.7,  the  goal  is  to  move  DISK4  to  PEG3  (cf.  G-18). 


1  2  3 


Figure  D.7  Sample  Tower  of  Hanoi  situation 


One  approach  would  be  to  generate  the  operator  difference  that  DISKI  should  not  be  on 
PEG1;  this  would  result  in  two  alternatives  to  be  tried  in  the  search,  since  PEG1  can  legally 
be  moved  either  to  PEG2  or  PEG3  -  doing  the  latter  is  definitely  a  mistake  and  cannot  lead 
to  a  solution  unless  it  is  undone.  The  actual  approach  taken  is  to  look  at  the  other  peg 
and  note  that  DISKI  has  to  be  there  in  order  for  the  move  to  take  place.  This  also  results 
in  two  alternative  attempted  assignments,  moving  DISKI  to  PEG2  from  either  PEG1  or 
PEG3,  but  the  latter  is  easily  rejected  as  not  immediately  applicable.  By  using  the  other- 
peg  trick,  GPS  and  GPSR  avoid  any  backing  up  in  the  search. 


0.5.  The  Missionaries  and  Cannibals  task 

The  Missionaries  and  Cannibals  problem  (MC)  consists  of  moving  three  missionaries 
and  three  cannibals  across  a  river  with  a  boat  that  will  hold  at  most  two  people.  The 
reason  why  this  is  a  puzzle  is  that  it  must  be  done  without  allowing  cannibals  to 
outnumber  missionaries  on  either  bank  of  the  river,  for  in  this  case  the  missionaries  would 
be  in  grave  danger  (it  is  all  right  to  have  no  missionaries).  States  in  the  problem  are 
represented  by  objects  that  give  the  number  of  missionaries  and  the  number  of  cannibals 
on  each  side  of  the  river,  plus  the  location  of  the  boat.  The  GPSR  task  Ps  and  behavior 
traces  are  given  after  those  for  TH,  in  Appendix  B  and  Appendix  F.  The  task  Ps  for  MC 
are  given  in  two  versions,  which  we’ll  refer  to  as  MCO  and  MCI  when  it’s  necessary  to 
distinguish.  The  basic  structure  of  the  two  variants  is  the  same,  but  they  vary  in  the  kinds 
of  operator  differences  produced.  This  will  be  discussed  further  below. 

An  important  feature  of  the  GPSR  representation  of  MC  is  how  operator  post-tests 
are  implemented.  In  GPS,  post-tests  were  a  set  of  tests  to  be  executed  after  the 
application  of  an  operator,  to  ensure  legality  of  the  object.  For  MC,  GPS  had  pre-tests  to 
see  that  everything  was  legal  on  the  from-side  of  the  river  before  moving  the  boat  across, 
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and  it  used  post-tests  to  check  legality  of  the  to-side  situation  after  making  the  move. 
Because  of  this  structure,  no  operator  differences  were  extracted  as  a  result  of  failure  of 
post-tests;  the  operator  failed  unconditionally.  The  GPSR  formulation  simply  does  away 
with  post-tests  by  transforming  algebraically  the  subjects  of  the  post-tests  into  their 
corresponding  pre-move  values,  thus  allowing  post-tests  to  be  expressed  as  pre-tests 
(see  Figure  0.8). 


Firat,  QA  ••(ibliih**  lh*  followinf  variable  binriinf  a 
M  .  (ha  number  of  mi*»ior>*riM  to  bo  movod, 

C  •  fh«  nunnbar  of  cann&ala  to  ba  moved, 

NFM  and  NFC  •  (ha  nurrbors  of  misaionanoa  and  cannbala  on  (he  from-aidat 
NTM  and  NTC  •  (he  nunfcan  of  mistionariat  and  cannfcalt  on  (ha  (o-»ida 
Than  QA  (•■(*  fhal  aflar  (he  move,  (ha  from-aida  numbers  are  all  ri(h( 

*  NOT<  SATiSFIES2<NFM,M,NFM  NEQ  M)  A  SATISFIES3(NFM,M,NFC,NFM  -  M  MESS  NFC  -  C)  ) 

And  it  teat*  the  same  for  the  to-aide 

<>  NOT(  SATISFIES2(NTM,M,0  NEQ  NTM  .  M)  A  SATISFIES 3(NTMIM,NTC,NTM  .  M  MESS  NTC  ♦  C> ) 
Figure  D.8  Transformed  post-tests  for  MC 


Because  of  the  simplicity  of  the  operations  that  are  in  general  available  for  use  by  move 
operators,  this  kind  of  inversion  is  always  possible.  Doing  so  allows  operator  differences 
to  be  obtained  for  the  tests  that  were  post-tests;  obtaining  differences  from  post-tests  as 
GPS  formulated  them  was  not  possible  because  such  differences  would  be  expressed  in 
terms  of  a  derived  ob/ect  rather  than  in  terms  of  the  object  to  which  the  operator  was 
applied.  The  inversion  of  post-tests  also  implies  that  the  difference  produced  when  a 
“post-test"  fails  must  also  be  inverted  so  that  it  is  expressed  in  terms  of  the  given  object 
(see  the  RHSs  of  the  QD’s  for  details).  Using  inverted  post-tests  turned  out  to  have  an 
unexpected  benefit:  the  necessity  to  retry  transform  goals  (GPS’s  Expanded-Transform 
method),  which  was  used  by  GPS  in  the  MC  task  and  in  one  other  task,  is  no  longer 
necessary  for  the  MC  task.  An  example  of  how  this  worked  out  will  be  pointed  out  when 
the  behavior  of  GPSR  on  MC  is  discussed  below.  It  is  not  evident  that  this  kind  of  result 
holds  more  generally,  and  at  present  no  way  has  been  seen  to  attempt  a  formal  proof. 

GPSR’s  MC  has  a  few  other  advantages  over  the  GPS  version.  In  the  Ps  that 
generate  feasible  assignments  it  was  quite  simple  to  add  an  ordering  heuristic,  to  allow 
GPSR  to  pursue  more  sensible  feasible  assignments  before  less  sensible  ones.  A  more 
sensible  assignment  is  one  that  moves  two  people  across  the  river  from  the  left  bank  to 
the  right,  which  is  the  same  direction  as  the  overall  goal,  and  that  moves  only  one  person 
on  the  return  trip,  from  right  to  left;  the  less  sensible  ones  do  just  the  opposite.  Notice 
that  MC  is  challenging  because  it  requires  at  one  critical  point  a  less  sensible  move.  This 
heuristic  was  implemented  by  interposing  a  set  of  Ps  to  evaluate  assignments  (QF3  and 
QF4)  between  the  assignment-generation  Ps  (QF  and  QF2)  and  the  Ps  that  use  the 
generated  assignments  (in  the  Try-Apply  submethod).  The  ability  to  do  this  derives  from 
the  expression  of  the  task  as  a  PS  program  rather  than  as  a  passive  data  structure. 
Although  it  seems  that  such  an  idea  would  improve  GPSR’s  performance  to  a  large  extent, 
the  actual  results  are  only  a  slight  improvement,  due  to  GPSR’s  tendency  to  go  through  a 
rather  exhaustive  search  for  this  task. 
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Another  place  where  GPSR  has  some  advantages  over  GPS  on  the  MC  task  is  In  the 
area  of  numeric  differences  and  difficulties.  The  differences  found  by  GPS  (judging  from 
its  behavior  traces)  were  simply  to  reduce,  say,  the  number  of  cannibals  on  the  teft  bank, 
whereas  GPSR  expresses  it  more  precisely  as  reducing  the  number  of  cannibals  from  3  to 
0.  This  allows  desired  assignments  generated  by  GPSR  to  assign  values  to  variables  in  a 
way  more  precisely  suited  to  the  demands  of  a  particular  goal.  At  the  same  time  GPSR’s 
desirable  assignments  can  be  expressed  as  sets  of  values  for  some  variable  rather  than  a 
one-one  value-variable  correspondence.  For  instance,  a  desirable  assignment  might  set 
the  number  of  missionaries  moved  to  be  either  one  or  two.  This  multiple  value  resulted  in 
a  natural  way  be  allowing  all  possible  matches  in  a  desirability  selection  P  to  fire 
simultaneously;  it  is  no  problem  for  the  feasible-assignment  generator  to  use  that  kind  of 
input  for  the  same  reason:  it  simply  has  more  combinations  to  be  matched  and  to  allow  to 
be  simultaneously  emitted.  The  result  is  a  larger  set  of  feasible  assignments,  but  it 
contains  all  of  the  possibilities  that  might  be  relevant;  this  was  obtained  at  no  extra  cost  in 
terms  of  program  code,  since  all  the  set  maintenance  is  done  automatically  by  the  Psnlst 
Working  Memory  and  P  examination  stack,  :SMPX.  Finally,  the  more  precise  expression  of 
differences  allows  the  difference  evaluation  process  to  produce  a  more  refined  difficulty 
measure;  for  instance,  reduction  of  a  value  from  3  to  0  is  harder  than  a  reduction  from  2 
to  0. 


The  difference  between  the  task  Ps  for  the  MCO  and  MCI  variants  lies  entirely  in 
the  way  operator  differences  are  extracted.  In  MCO  the  operator  differencing  is  set  up  in 
such  a  way  that  differences  involving  having  the  boat  on  the  wrong  side  of  the  river  to 
perform  a  desired  move  are  found  first  (by  P  QDB),  and  other  differences  such  as  number 
of  cannibals  too  high  are  found  only  if  the  boat  is  right.  This  variant  was  the  first  one 
tried,  historically,  because  it  corresponded  with  all  the  behavior  visible  in  GPS’s  trace;  that 
is,  it  seemed  to  be  the  case  always  that  the  boat  difference  would  have  to  be  reduced 
before  other  differences  would  be  considered.  But  on  reflection,  the  realization  came  that 
In  fact  since  the  numeric  differences  were  considered  to  be  harder  to  reduce  (as 
established  by  DIFFrORDER),  if  is  incorrect  to  allow  the  boat  difference  to  mask  others. 
When  GPS  in  general  encounters  a  set  of  differences,  it  always  attacks  the  hardest  one 
first,  since  if  that  fails  it  is  pointless  to  have  wasted  effort  reducing  an  easy  difference. 
As  it  turned  out,  this  feature  made  some  difference  in  the  amount  of  progress  GPSR  could 
make  in  various  experiments  with  MC.  We  wi#  see  below  how  this  worked  out,  but  at 
present  we  will  point  out  some  interesting  points  with  respect  to  MCO  behavior,  which 
compares  more  favorably  with  GPS’s  behavior  than  does  the  MCI  variant. 

The  first  MC  behavior  exhibited  (Appendix  F)  shows  a  successful  run,  in  which  GPSR 
solves  MC  (version  MCO)  correctly.  In  terms  of  number  of  goals,  GPSR  expends  somewhat 
more  effort  than  does  GPS;  GPSR  has  69  goals  where  GPS  had  57.  But  GPSR  and  GPS 
have  some  differences  in  what  counts  as  a  goal:  in  GPS,  goals  that  are  repetitions  of  past 
goals  don’t  appear  in  the  trace  and  are  not  counted  whereas  in  GPSR,  they  do  appear,  as 
they  are  sprouted,  so  that  the  recognition  and  backup  is  more  visible  (this  would  decrease 
GPSR’s  count  relative  to  GPS);  on  the  other  hand,  direct  applications  of  operators  in  GPSR 
(by  the  Try-Apply  submethod)  are  not  counted  as  goals,  whereas  in  GPS  they  were  apply 
goals  that  were  generated^  and  that  immediately  succeeded. 

On  the  whole  GPSR  and  GPS  seem  to  approach  the  task  in  similar  ways,  and 
differences  in  their  behavior  is  due  mostly  to  the  differences  in  the  ways  arbitrary  choices 
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ere  made.  But  it  must  be  pointed  out  that  the  GPS  trace  doesn’t  show  two  of  the  common 
types  of  behavior  in  the  GPSR  trace:  GPS  doesn’t  show  any  of  the  retrying  of  goals  during 
the  backup  on  failure;  GPS  doesn’t  show  any  instances  of  the  Try-Old-Goals  method.  The 
GPS  problem-solving  executive  was  described  as  selecting  the  supergoal  of  a  failed  goal, 
and  trying  and  exhausting  other  alternatives  on  that  supergoal  before  backing  up  further; 
GPSR  follows  this  with  the  resulting  visible  behavior,  but  corresponding  behavior  is  not 
evident  in  GPS’s  traces.  An  example  of  this  is  the  retry  of  G-36  alter  the  failure  of  G-43; 
GPSR  prints  "RETRYING  OLD"  when  a  retry  is  due  to  selection  by  Try-Old-Goals  in  the 
executive.  With  respect  to  the  lack  in  GPS  of  evidence  of  the  Try-Old-Goals  method,  GPS's 
behavior  is  much  more  driven  by  the  "New-Obj"  selection,  which  chooses  some  newly- 
derived  object  as  the  subject  of  a  transform  goal  rather  than  evoking  the  Try-Old-Goals 
method.  GPSR  also  uses  that  kind  of  selection,  but  it  uses  it  less  often,  simply  because  it 
doesn’t  generate  new  objects  as  rapidly  as  GPS  did.  On  detailed  comparison  of  behavior 
traces,  it  appears  that  GPS  makes  faster  progress  because  it  has  less  to  work  with:  less 
refined  difficulties  and  no  differences  from  post-tests.  This  agrees  with  the  general 
principle  that  too  much  information  can  be  detrimental  to  a  weak  problem-solver.  Some  of 
the  features  that  were  introduced  above  as  advantages  have  perhaps  degraded  behavior 
slightly  because  the  problem-solver  is  not  powerful  enough  to  use  the  new  material  to 
advantage.  We  will  see  below  some  places  where  the  means-ends  methods  can  use  extra 
supporting  mechanisms. 

There  are  three  interesting  features  of  GPSR’s  behavior  on  MCO  (the  third  segment 
of  Appendix  F)  that  are  worth  pointing  out.  The  first  js  that  retrying  transform  goals  is  no 
longer  essential  for  solution  of  the  problem;  this  is  evtdent  in  the  behavior  starting  at  goal 
G-36,  Figure  D.9. 


SELECT  BY  NEW  OBJ.  0-13 

.  0-35  :  TRANSFORM  0-13  TO  OESIREO  OBJECT  (FROM  C-l) 

0-13  (LEFT  (BOAT  YES  CAN  2  MIS  2)  RIGHT  (CAN  l  MIS  1)> 

.  .  G-36  REOUCE  2  TO  0  AT  (LEFT  CAN)  OF  0-13  (OIFFIC  202)  (FROM  G-35) 
APPLV  CROSS  RIVER  TO  0-13  GET  0-18  (FROM  LEFT  TO  RIGHT  NMIS  1  NCAN  1) 
0-16  IS  THE  SAME  AS  0-12 


RETRYING  G-36 

.  6-50  .  APPLV  CROSS  RIVER  TO  0-13  (OIFFIC  202)  (FROM  G-38> 

ASSIGNS  FROM  *  LEFT  ,  NCAN  -  1  .  NCAN  -  2 

0-13  (LEFT  (BOAT  YES  CAN  2  MIS  2)  RIGHT  (CAN  1  MIS  D) 

. .  6-51  :  REOUCE  2  TO  0  AT  (LEFT  MIS)  OF  0-13  (OIFFIC  202)  (FROM  G-50) 

APPLV  CROSS  RIVER  TO  0-13  GET  0-22  (FROM  LEFT  TO  RIGHT  NMIS  2  NCAN  0) 

6-51  SUCCEEDS 

.  6-52  APPLV  CROSS  RIVER  TO  0-22  (OIFFIC  202)  (FROM  G-50  ANO  G-51) 

ASSIGNS  FROM  LEFT  ,  NCAN  -  I  .  NCAN  ►  2 

0-22  (LEFT  (CAN  2  MIS  0)  RIGHT  (BOAT  VES  CAN  I  MIS  3)) 

Figure  D.9  GPSR  doesn’t  need  to  retry  transform  goals  for  MC 
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This  Is  a  goal  to  reduce  the  number  of  cannibals  on  the  left  bank;  it  comes  from  a 
transform  goal  (G-35),  and  retrying  the  transform  goal  would  ordinarily  be  thought 
necessary  to  try  to  reduce  the  number  of  missionaries  instead.  In  the  particular  situation 
at  G-35,  it  is  in  fact  necessary  to  try  the  latter  reduction,  since  the  former  cannot  lead  to 
the  solution.  GPSR's  initial  attempts  on  G-36  are  abortive,  but  a  little  more  than  a  column 
after  the  first  try,  G-36  is  retried,  and  the  subordinate  goal  G-51  is  to  reduce  the  number 
of  missionaries,  as  required  for  solution.  G-51  comes  about  as  the  result  of  an  operator 
difference  from  an  inverted  post-test-,  GPSR  tries  to  move  one  or  two  cannibals  across  the 
river  to  find  that  this  results  in  too  many  cannibals  there,  so  the  subgoal  to  increase  the 
number  of  missionaries  on  the  right  side  (equivalently  reduce  the  number  on  the  left)  is 
created  as  G-51.  G-36  and  G-51  are  two  alternatives  that  would  be  obtained  by  trying  or 
retrying  G-35,  but  here  the  latter  was  developed  in  the  subgoal  structure  of  the  former. 

The  second  feature  of  GPSR*s  behavior  is  that  it  must  return  to  retry  a  goal  that  at 
its  first  occurrence  looked  too  difficult  to  work  on.  The  goal  in  question  is  G-14, 
generated  first  in  the  first  column  of  the  trace  in  the  third  segment  of  Appendix  F,  which 
is  excerpted  in  Figure  0.10. 


. .  0-8  .  TRANSFORM  0-3  TO  DESIREDOBJECT  (FROM  G-3  ANO  G-4) 

0-3  (LEFT  (CAN  2  MIS  2)  RIGHT  (BOAT  VES  CAN  1  MIS  !)> 

. . .  0-8  <  REDUCE  2  TO  0  AT  (LEFT  CAN)  OF  0-3  (OIFFIC  202)  (FROM  G-S) 


0-9  SUCCEEDS 

0-13  <  TRANSFORM  0-5  TO  DESIRED  OBJECT  (FROM  0-8  AND  G-B> 

0-5  (LEFT  (CAN  0  MIS  3)  RIGHT  (BOAT  YES  CAN  3  MIS  0» 

.  G-14  =  REDUCE  3  TO  0  AT  (LEFT  MIS)  OF  0-5  (OIFFIC  203)  (FROM  0-13) 
NO  PROCRESS.  G-14  FAILED 


RETRYING  OLD  G-14 

0-23  :  APPLY  CROSS  RIVER  TO  0-5  (D1FFIC  105)  (FROM  G-l4) 
ASSIGNS  FROM  .-  LEFT  ,  NMIS  -  1  ,  NMIS  «-  2 


G-23  SUCCEEDS 
0-14  SUCCEEDS 

G-26  :  TRANSFORM  0-12  TO  DESIRED  OBJECT  (FROM  G- 13  ANO  G-14) 

0-12  (LEFT  (CAN  1  MIS  1)  RIGHT  (BOAT  YES  CAN  2  MIS  2)) 

Figure  0.10  GPSR  retries  a  no-progress  goal 


When  it  is  generated,  its  difficulty  is  higher  than  that  of  its  supergoal,  so  proceeding  on  it 
violates  GPS’s  principle  of  working  from  the  difficult  to  the  not-so-difficult.  GPSR 
abandons  it  to  work  first  on  some  easier  goals  whose  alternatives  are  not  exhausted,  but 
about  a  column  later  in  the  trace,  it  returns  to  retry  G-14,  and  this  leads  to  substantial 
progress.  This  feature  surprised  me  when  it  occurred  because  the  static  goal-subgoal 
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structure  violates  the  keep-progressing  principle,  although  dynamically  GPSR’s  behavior 
does  not. 

The  third  feature  involves  an  instance  where  the  basic  means -ends  strategy  as 
implemented  in  GPSR  appears  fatally  inflexible*.  The  critical  segment  of  behavior  starts  at 
G-26  in  the  trace,  and  runs  through  G-30,  Figure  D.ll. 


. . . .  G-26  :  TRANSFORM  0-12  TO  DESIRED  OBJECT  (FROM  G- 1 3  AND  G-14) 

0-12  (LEFT  (CAN  1  MIS  1)  RIGHT  (BOAT  VES  CAN  2  MIS  2» 

. G-27  :  REOUCE  1  TO  0  AT  (LEFT  CAN)  OF  0-12  (OIFFIC  201)  (FROM  G-2«> 

. G-28  :  APPLV  CROSS  RIVER  TO  0-12  (OIFFIC  105)  (FROM  G-27) 

ASSIGNS  FROM  •-  LEFT  ,  NCAN  <-  1 

. G-28  =  REOUCE  UNOEF  TO  VES  AT  (LEFT  BOAT)  OF  0-12  (OIFFIC  105)  (FROM  G-28) 

APPLV  CROSS  RIVER  TO  0-12  GET  0-13  (FROM  RIGHT  TO  LEFT  NMIS  1  NCAN  I) 

G-28  SUCCEEDS 

. G-30  :  APPLV  CROSS  RIVER  TO  0-13  (OIFFIC  105)  (FROM  G-28  AND  i»-29> 

ASSIGNS  FROM  «-  LEFT  .  NCAN  ►  1 

0-13  (LEFT  (BOAT  VES  CAN  2  MIS  2)  RIGHT  (CAN  1  MIS  1)> 

Figure  0.11  GPSR  carries  over  desired  assignments  inappropriately 


GPSR  sets  up  an  apply  goal  with  a  desired  assignment  to  move  one  cannibal  from  the  left. 
To  do  this,  it  first  reduces  the  operator  difference  of  the  wrong  boat  location,  and  in  doing 
so  adds  a  cannibal.  The  supergoal’s  desired  assignment  is  carried  over  to  the  result  of 
that  reduction,  according  to  normal  operating  procedure,  but  now  it  is  no  longer 
appropriate  since  a  cannibal  has  been  added.  It  turns  out  that  the  object  that  resulted 
from  (he  intervening  reduce  goal  is  on  the  critical  path  to  the  solution ;  failing  to  treat  it 
appropriately  in  this  case  is  a  fatal  mistake  because  the  context  is  such  that  that  object  is 
never  again  geners'ed  or  examined.  Fortunately,  GPSR  has  the  New-Obj  selection 
criterion,  by  which  derived  unexamined  objects  are  used  in  new  transform  goals.  This 
method  is  not  part  of  the  pure  means-ends  strategy,  but  in  this  case  it  saves  it  from 
failure  by  proceeding  with  that  intermediate  result.  It  was  surprising  to  discover  such  a 
fundamental  weakness  in  the  basic  GPS  methods;  GPS’s  way  around  this  difficulty  was  not 
originally  presented  as  a  patch  to  add  completeness  to  means-ends. 

The  MCI  version  differs  from  MCO  in  having  more  flexible  operator  difference 
capabilities.  QD  Ps  are  the  only  case  where  it  is  necessary  to  generate  several  operator 
differences  using  more  than  one  P,  so  it  is  necessary  to  add  some  control  to  ensure 
proper  sequencing.  (In  MK,  only  a  single  difference  is  ever  detected,  and  in  TH,  all  the 
differences  are  generated  simultaneously  by  a  single  P.)  There  are  separate  Ps  to  detect 
operator  differences  from  a  wrong  boat  location  (QDB),  from  conditions  at  the  from-side 
(QDF1,  QDF2),  and  from  conditions  at  the  to-side  (QDT1,  QDT2).  QDZ  detects  the 
completion  of  trying  to  apply  the  operator,  where  each  QD  re-asserts  the  apply  signal  to 
make  sure  other  difference  Ps  get  a  chance.  The  QD’s  correspond  roughly  to  the  Ps  of 
MCO,  except  that  in  MCO,  QDF’s  and  QDT's  conditions  included  checks  on  the  boat's 
location,  so  that  boat  differences  would  mask  the  others. 

•  GPS  has  similar  properties.  See  goals  6-9  on  page  132  of  Ernst  and  Newell,  and  goats 
18-21  on  page  187. 
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A  trace  of  the  behavior  of  version  MCI  is  given  after  the  one  for  MCO  discussed 
above,  in  Appendix  F.  This  trace  shows  GPSR  without  the  New-Obj  selection  criterion. 
GPSR  fails  to  find  the  solution,  due  to  features  already  discussed.  This  behavior  is 
presented  to  demonstrate  what  results  from  the  more  refined  operator-differencing  Ps. 
The  basic  difference  between  MCI  and  MCO  (whose  behavior  with  these  options  is  not 
shown)  comes  in  the  section  of  the  trace  between  G-38  and  G-61:  one  object,  0-23,  is 
obtained  in  the  solution  that  isn’t  obtained  by  the  MCO  version.  However,  this  doesn’t  help 
it  to  get  to  the  solution,  because  of  the  desirable  assignment  inflexibility;  further,  it  Incurs 
a  large  cost:  67  goals  are  generated,  versus  38  in  the  corresponding  MCO  version.  The 
difference  that  is  the  subject  of  G-38  is  the  result  of  the  revised  Ps;  it  produces  0-23 
while  retrying  G-43,  just  before  G-46  in  the  trace. 

Finally  with  respect  to  MC,  GPSR  fails  to  solve  the  task  without  New-Obj  even  when 
the  option  is  enabled  that  allows  transform  goafs  to  be  retried  (that  trace  is  not  included). 
Three  objects  are  not  actual  objects  in  transform  goals,  and  one  is  the  critical  object 
necessary  for  solution,  so  that  it  is  clear  that  New-Obj  is  required  for  GPSR  as  it  stands. 
The  goal-subgoal  contexts  in  which  those  objects  are  generated  is  such  that  no  further 
progress  is  possible.  Furthermore,  GPSR  makes  less  progress  than  without  the  retry- 
transform  option  because  the  goal-subgoal  structure  is  such  that  some  of  the  branches  in 
the  search  are  blocked  by  repeated  goals,  that  is,  goals  that  are  repeated  because  the 
option  generated  them  where  they  weren’t  generated  before;  the  '’repeated”  goals  are  not 
really  repeated  in  the  sense  that  they  occur  in  different  goal-subgoal  contexts  from  the 
previous  instances. 

To  summarize  the  results  of  doing  the  MC  task,  extracting  operator  differences  from 
inverted  post-tests  removes  the  necessity  for  retrying  transform  goals.  GPSR  puts  forth 
somewhat  more  effort  in  solving  the  MC  task  than  did  GPS,  because  of  the  extra 
information  and  refinement  that  GPSR  has  from  its  operator  differences  and  difference 
evaluation.  GPSR’s  behavior  exhibits  a  basic  inflexibility  in  the  means-ends  analysis 
structure  that  forces  the  inclusion  of  the  New-Obj  selection  principle;  this  inflexibility  is  in 
passing  desired  assignments  from  a  goal  to  its  descendent.  It  is  necessary  to  violate 
statically  the  principle  of  proceeding  from  the  more  difficult  to  the  less  difficult,  at  least 
with  respect  to  GPSR’s  difficulty  measures  and  difficulty  propagation  rules.  A  slight 
Improvement  in  GPSR’s  achievements  results  from  expanding  the  operator  differences 
produced,  but  the  cost  is  high  in  terms  of  extra  goals  generated.  Various  blocks  to 
progress  occur  due  to  repetition  of  a  single  goal  in  different  contexts,  especially  contexts 
where  progress  towards  the  solution  might  occur.  Most  importantly,  the  basic  means-ends 
analysis  strategy,  with  transform  goals  retryable,  is  incomplete,  in  the  sense  of  being 
unable  to  reach  a  solution. 

Further  research  to  find  the  underlying  easons  for  the  above  faults,  and  to  try 
variations  in  the  organization  of  the  problem-solving  executive  and  methods  are  beyond 
the  scope  of  the  present  work.  Important  features  of  PSs  have  been  brought  out 
regardless  of  problems  with  GPS  itself.  The  MC  task  was  solved  using  the  mechanisms 
GPS  used;  the  investigation  of  the  defects  exposed  by  GPSR  is  beyond  that  basic 
objective. 
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D.6.-  A  comparison  of  task  specification  in  GPS  and  GPSR 


A  task  specification  for  GPS  consisted  of  a  list  of  list-structured  elements  with 
enough  information  for  GPS  to  construct  an  adequate  internal  representation  of  a  task.  It 
started  with  several  meta-components  that  influenced  the  interpretation  of  further 
components.  Then  came  descriptions  of  the  problem  to  be  solved  (the  top  goal), 
definitions  of  entities  used  in  other  components,  and  definitions  of  operators,  of  the  table 
of  connections,  etc.  The  following  table  summarizes  the  differences  between  the  external 
representation  of  tasks  for  GPS  and  GPSR. 

GPS  GPSR 


RENAME 


SKIP-WORDS 

DECLARE 


TOP-GOAL 

FEATURES 

SETS 

EXPRES 

TESTS 

TRANSFORMATIONS 

MOVE-OPERATORS 
type  of  operator 
VAR-DOMAIN 

PRETESTS 

POST-TESTS 

MOVES 

DESCRIBED-OBJS 

OBJECT-SCHEMA 


DIFF-ORDERING 
TABLE-OF  -CONNEC  T  IONS 
COMPARE -OBJECTS 


Unused  and  unnecessary;  GPSR  has  fewer  internal  naming 
conventions  to  be  adhered  to,  and  those  are  not  subject  to 
change. 

Inapplicable. 

No  types,  so  unnecessary  (no  distinction  between  types  of 
links  in  object  representation;  also  no  need  to  give  types  for 
FEATURES,  SETS,  etc.). 

List  of  instances  in  the  RHS  of  QI;  described  objects  are 
encoded  as  Ps  (QK  in  MX). 

Conversion  and  definition  is  automatically  done  by  GPSR  for 
loc-progs;  other  definition  of  structures  is  unnecessary. 

Lists  of  instances  in  RHS  of  QI  (Working  Memory  is  a  set). 
Expressions  encoded  directly  in  Ps. 

Encoded  directly  in  Ps  (QA’s,  QD's);  no  separate  definition. 
Evoked  by  name  by  instances  in  RHSs  of  QA’s;  feasibility  must 
be  checked  in  LHSs  of  QA’s. 

Instances  in  RHS  of  QI  (ISMOVEOP). 

Sets  of  instances  (VAR:DOMAIN)  in  RHS  of  QI  plus  tests  on 
those  in  the  feasible  assignment  generators,  QPs. 

Tests  in  LHSs  of  QA's  and  QD's. 

Tests  in  LHSs  of  QA’s  and  QD’s. 

Evocations  of  transformations  in  RHSs  of  QA’s  plus 
HASMOVEiCOMPON  instances  from  RHS  of  QI. 

Encoded  directly  in  Ps  that  respond  to  MATCHiDIFF  signal. 

A  list  structure  that  is  converted  to  the  Working  Memory 
representation  of  LINKS  and  HASVAL’s  by  the  OBJECT 
PSMacro. 

The  DIFFiORDER  object,  asserted  by  QI. 

The  TABLE:CONN  object,  asserted  by  QI. 

Instances  in  RHS  of  QI  that  are  used  to  restrict  the  Match-Diff 
submethod  (MATCH:RESTR);  otherwise  full  object  comparisons 
are  assumed. 


Thus,  GPSR  uses  the  same  basic  set  of  task-specific  components  8S  GPS,  except  for 
the  first  three  above.  The  components’  organization  is  of  course  quite  different,  with 
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major  departures  in  the  representation  of  move  operators.  Move  operators  are  encoded 
as  Working  Memory  instances  asserted  by  01.  to r  the  desirability  selection  process,  as  P$ 
to  generate  feasible  assignments  given  a  desired  assignment,  as  Ps  to  apply  operators,  and 
as  Ps  to  produce  operator  differences.  The  rest  of  this  subsection  will  review  in  detail 
some  aspects  of  the  encoding  of  move  operators  as  Ps,  with  occasional  references  to  other 
major  differences. 

A  move  operator  consists  of  a  sequence  of  tests  for  applicability  followed  by  a 
sequence  of  transformations  (REM:L1NK,  INCfHINK,  and  others,  see  Figure  8.4)  that 
produce  a  new  modified  object  from  a  copy  of  the  input  object.  GPSR  also  performs  a  set 
Of  tests  in  LHSs  of  QA’s  to  ensure  that  the  transformations  are  legal.  This  was  not  done 
by  GPS,  which  simply  allowed  the  transformations  to  "fail",  but  it  is  important  in  GPSR  to 
avoid  the  (unnecessary)  extra  work  involved  in  doing  and  undoing  the  copying  of  objects. 

MK  has  four  very  similar  move  operators,  of  which  M0VE:B0X  is  typical,  containing 
types  of  tests  that  represent  the  full  variety  in  the  four  operators.  MOVE:BOX  has  a  VAR- 
DOMAIN, 

X  IS  IN-THE-SET  OF  PLACES, 

which  is  guaranteed  in  GPSR  by  the  desirability  selection  process,  using  Working  Memory 
instances  asserted  by  QI: 

VAR  DOMAINCMOVE  TO.'PLACEl)  A  VAB  DOMAINCMOVE  TO, ’PLACE2)  A  VAB  DOMAINCMOVE  TO/UNDER  BANANAS) 
•  HASMOVE  COMPONCMOVE  BOX.'Mfl  I  ,'AR8,'ARB>  A  MAS VABCMB1, 'MOVE  TO) 

MOVE:BOX  has  two  PRETESTS.  The  first  is  a  simple  set  membership  test  on  the  monkey’s 
location,  which  is  simply  assumed  to  be  true  in  GPSR,  since  it  is  redundant, 

THE  MONKEV’S-PIACE  IS  IN-THE-SET  OF  PLACES 
The  second  is 

THE  MONKEVS-PLACE  EQUALS  THE  B0)0S-PIACE, 
which  in  QAM  (the  application  P)  becomes 

UNKS(U,N1,N2>  *  SATISFIESILUI  EQ  ‘MONKEV  PLACE)  A  HASVAL(N2,V1) 

4  LINKS(L2,N1,N3)  A  SATISFIES(L2,L2  EQ  ’BOX  PLACE)  1  HASVALIN3.V1) 
making  the  EQUALS  test  by  using  the  same  variable,  VI.  In  QDM,  which  produces  the 
operator  difference,  the  test  is  similar  except  the  last  element  becomes, 

HASVAKN3.V2)  A  VNEQ<V2,Vi) 

For  MK,  the  desired  object  consists  of  a  test  that  the  monkey  has  the  bananas)  It 
that  is  not  true,  a  difference  is  produced  as  a  match  result.  The  test  is: 

NOT(  EXISTS(L,N2.V)  A  L INKS CL.N I ,N2>  A  SATISFIESfL.L  EO  ’MONKEY  HAND) 

A  HASVAL(N2,V)  A  SATISFIESiV.V  EQ  'BANANAS)  ) 
which  corresponds  to  TEX-DESCRIPTION, 

THE  CONTENTS-OF-THE-MONKEVS-HAN0  EQUALS  BANANAS 

For  TH,  the  move  operator  M0VE:D!SK  has  in  GPS  four  VAR-DOMAlDTs  and  a  PRE¬ 
TEST.  Three  of  the  former  are  of  the  form, 

THE  TO-PEG  IS  AN  EXCLUSIVE-MEMBER  Of  THE  PEGS 
In  GPSR,  QF  has  the  equivalent  as: 

SATJSFIES(VAR2.VAR2  EQ  'TO  PEG)  A  ASSIGNS  D(VAR2,VAL2)  A  ISPEGCVAL2) 

A  VNEQCVAL2.VAL3)  A  VNEQ(VAL2,VAL«). 

where  VAL3  and  VAL4  are  bound  to  other  members  of  JSPEG  that  are  used  to  construct  a 
feasible  assignment  in  the  RHS.  That  is,  the  EXCLUSIVE-MEMBER  relation  is  achieved  by 
the  VNEQ’s  in  the  IHS  of  the  P.  The  fourth  VAR-00MA1N  is  tor  DISK,  which  is  a  set 
membership  without  exclusions  and  thus  a  simple  variation  of  the  above. 
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The  PRE-TEST  for  MOVE-DISK  in  GPS  is 
X  ON  THE  OTHER-PEG  IS  OEFINED  FOR-ALL  X  SMALLER  THAN  THE  PARTICULAR  DISK. 

In  GPSR,  QA  has 

NOT<  EXISTS(DI,N2,N3,N3V>  A  IINKS(FPV,N!,N2>  A  LJNKS(D1,N2,N3)  A  SMALLER(Ol.DV) 

A  HASVAL(N3,N3V)  A  SAT ISFIES(N3V,N3V  EO  ’VES)  ) 

A  NOT(  EXISTSCO 1  ,N2,N3,N3V)  A  LINKS(TPV,N1,N2)  A  L1NKS(DI,N2,N3)  A  SMALLERIDI.DV) 

A  HASVALIN3.N3V)  A  SAT1SFIES(N3V,N3V  ECi'  "YES)  ) 

where  FPV  is  bound  to  the  binding  of  FROM:PEG,  TPV  to  the  binding  of  TO:PEG.  That  is, 
rather  than  having  a  positive  test  for  all  disks  on  the  OTHER  peg,  which  is  a  variable 
number  and  thus  impossible  to  express  in  a  single  P,  the  PRETEST  is  converted  to  its 
negative  so  that  TOR-ALL"  becomes  "EXISTS"  and  one  P  now  suffices  for  the  test.  On  the 
other  hand,  QD  which  generates  operator  differences  uses  the  positive  form  of  the 
PRETEST  because  it  must  generate  a  difference  for  each  such  disk;  it  does  so  by  firing 
once  for  each  smaller  peg  that  is  not  on  the  other  peg: 

A  NOTC  EXISTS(V,N3>  A  LINKS(Dl,N2,N3)  A  HASVAL(N3,V)  A  SATISFIES(V,V  EO  ’YES)  ) 
where  01  is  bound  to  a  disk  smaller  than  the  disk  to  be  moved,  and  N2  is  the  node  of  the 
TH  object  that  is  linked  from  the  top  node  by  the  value  of  OTHER:PEG. 

For  MC,  the  CROSS-RIVER  operator's  two  POST-TESTS  are: 

1.  ARE  ANY  OF  THE  FROM-SIOE-TESTS  TRUE 

2.  ARE  ANY  OF  THE  TO-StOE-TESTS  TRUE 

where 

FROM-SIOE-TESTS  -  ( 

1.  THE  M  OF  THE  FROM-SIOE  IS  NOT-LESS-THAN  THE  C  OF  THE  FROM-SIDE. 

2  THE  M  OF  THE  FROM-SIOE  EQUALS  0  ) 

and  TO-SIDE-TESTS  is  similar,  with  TO-SIDE  for  FROM-SIDE.  "TRUE"  here  is  defined  to  be 
a  disjunction,  namely  of  the  two  elements  ot  the  FROM-  and  TO-SIDE-TESTS.  The  GPSR 
version  of  this  has  been  given  already,  Figure  D.8.  Note  that  the  negation  of  the  negation 
of  disjunction  is  used,  converting  it  to  a  nested  conjunction.  In  the  operator  difference 
case,  QDF  and  QDT  for  the  two  types  of  differences,  the  simple  negation  of  the  disjunction 
is  used,  which  is  the  two  conjuncts  in  QDF, 

SATISFIES2(NFM,M,M  NEQ  NfM)  A  SATISFIES3<NFM,M,NFC,NFM-M  ’.LESS  NFC-C) 
where  M  is  the  number  of  missionaries  to  be  moved,  C  the  number  of  cannibals,  NFM  the 
number  of  missionaries  on  the  from-side,  and  NFC  the  number  of  cannibals  on  the  from- 
side.  Recall  that  for  POST-TESTS  in  GPSR,  the  conditions  are  algebraically  reversed 
(Figure  D.8).  The  only  other  feature  in  MC  that  hasn’t  been  illustrated  for  the  other  tasks 
is  the  form  of  VAR-DOMAIN,  which  in  GPS  was 

Y  IS  A  CONSTRAINED-MEMBER  OF  THE  0,1. 2-SET,  THE  CONSTRAINT  IS  X.Y  IS  IN-THE-SET  1,2. 
and  similarly  for  X.  As  a  domain  restriction,  this  is  encoded  in  GPSR  in  the  feasible 
assignment  generation  P,  QF2,  as: 

VAR  DOMAIN(VAR3,VAL3'  A  SAGSF!ES(VA13.NUMBERP  VAL3) 

A  VARD0MA1N(VAR4,VA14>  A  SATISFIES(VA14.NUMBERP  VA14) 

A  SATISFIES2(VAR3.VAP4,VAR3  LEXIT  VAR4> 

A  SAT ISF[ES2(VAl 3.VAL  4.VAL 3.VAL4  ’.GREAT  0>  *  $AT1SFIES2(VA13,VA14,VA13.VAL4  ’.LESS  3) 
where  VAR3  and  VARA  are  bound  to  operator  variables  (corresponding  to  X  and  Y  above) 
whose  prospective  values  are  bound  to  VAL3  and  VALA;  the  two  SATISFIES  ensure 
numeric  domains  for  VAL3  and  VAIA  (using  data  asserted  by  QI  that  defines  the  domains 
as  the  sets  (0,  1,  2]),  the  first  SATISF1ES2  ensures  that  VAR3  and  VARA  are  distinct,  and 
the  last  two  SAT!SrjES2’s  apply  the  sum  constraint.  Thus  in  this  case  the  PS  match  has 
examined  all  possible  assignments  and  eliminated  the  unwanted  ones  by  applying  the 
constraint  (how  GPS  implemented  this  same  function  is  unknown;  there  are  of  course 
alternate  ways  to  express  it  in  Psnlst). 
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There  are  several  points  to  be  made  about  the  above  comparisons.  The  direct 
encoding  of  the  full  variety  of  GPS  tests  as  segments  of  LHSs  of  Ps  was  achieved  within 
the  PS  language.  The  level  of  expression  of  the  PS  version  is  similar  to  the  GPS  external 
language,  except  that  the  PS  version  requires  the  use  of  local  match  variables  in  addition 
to  the  GPS  operator  variables.  In  several  places  the  expressive  power  of  Psnlst  was 
useful  in  reversing  the  logical  sense  of  tests  and  in  algebraically  transforming  tests.  The 
PS  expressions  are  procedural  in  the  sense  of  being  used  as  programs,  yet  retain  the 
declarative  aspect  of  the  GPS  external  language. 
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E.  Producti on-Sy  stem-Rel a  ted  Feature*  of  GPSR 


The  work  with  GPSR  has  raised  two  categories  of  issues,  those  dealing  with  PS 
aspects  and  those  dealing  with  GPS  itself.  PS  issues  deal  with  control  and  representation, 
and  the  position  of  GPSR  with  respect  to  these  can  be  expected  to  remain,  independent  of 
variations  in  the  GPS  content  of  the  program.  The  issues  raised  with  respect  to  GPS 
suggest  a  number  of  further  experiments,  but  these  are  beyond  the  present  scope,  so  that 
they  will  simply  be  pointed  out.  This  section  considers  PS  issues,  and  the  following 
section,  the  GPS  issues.  The  final  section  points  out  problems  for  further  research. 

In  Section  El,  we  discuss  features  of  the  implementation  that  are  related  to  PSs 
viewed  as  a  programming  language,  namely  implementation  time,  conciseness,  control,  and 
efficiency.  In  Section  8.3,  we  have  discussed  the  places  in  GPSR  where  PSs  produce  the 
greatest  impact  on  representation.  The  power  inherent  in  the  PS  match  is  used  to 
advantage  in  making  complex  selections,  in  generating  combinations  of  feasible 
assignments,  and  in  accessing  locations  in  objects.  The  flexibility  of  varying  degrees  of 
procedural  encoding  of  knowledge  in  PSs  will  be  discussed  in  Section  E2.  The  openness 
of  control,  the  high  level  of  PSs  as  a  language,  and  the  advantages  of  the  explicitness  of 
conditions  and  actions  are  supported  by  several  aspects  of  GPSR.  First,  it  was  easy  to 
make  several  extensions  to  the  basic  GPSR  program,  in  extending  its  applicability  to  the 
three  tasks.  This  will  be  discussed  in  detail  in  Section  E.3.  Second,  task  specifications 
were  directly  expressible  as  Ps  and  Working  Memory  items.  The  interaction  of  these  Ps 
with  the  main  program  is  minimal;  there  is  the  potential  of  having  arbitrary  PS  programs 
being  driven  by  GPSR  (or  vice  versa).  The  process  of  encoding  knowledge  in  the  task  Ps 
is  the  subject  of  Section  EA  Third,  as  experiments  developed  new  knowledge  of 
requirements  for  the  problem-solving  executive,  it  was  straightforward  to  add  the  new 
knowledge  and  determine  its  interactions  with  other  parts  of  the  executive.  This  will  be 
discussed  in  Section  E.5. 


El.  Low-level  implementation  features 

Implementing  GPSR  took  about  260  hours,  and  in  addition  about  60  were  spent  in 
preparatory  study.  The  programming  time  was  split  up  roughly  into  307.  coding  time  and 
701  debugging,  which  includes  testing  and  making  minor  changes  to  the  program.  The 
reading  was  spread  over  about  7  weeks  and  the  programming,  over  23,  in  the  sense  that 
out  of  the  total  elapsed  time  of  about  a  year,  only  about  half  of  the  weeks  showed 
significant  effort  spent  on  GPSR. 

Qualitatively,  the  GPSR  program  is  fairly  close  to  the  abstract  descriptions  of  GPS 
presented  in  this  chapter  and  in  the  Ernst  and  Newell  book  (Section  B.2  has  a  detailed 
comparison).  The  language  is  high-level  and  concise.  GPSR  has  206  Ps  and  10  auxiliary 
(PSMacro)  Lisp  functions,  which  are  involved  with  printing  the  behavior  trace  and 
converting  objects  between  internal  and  external  representations.  The  average  number  of 
task  Ps  is  11.  This  can  be  compared  to  data  for  a  direct  ancestor  to  the  GPS  program  that 
GPSR  imitates,  GPS-2-2  (Newell,  1963).  The  primary  structure  missing  from  GPS-2-2  is 
the  problem-solving  executive  (it  also  lacks  a  method  language  interpreter,  but  so  does 


IV-53 


El 


Production-System-Related  Features  of  GPSR 


LI 


GPSR).  GPS-2-2  has  250  IPL-V  routines,  averaging  around  20  words  per  routine.  Since 
IPL-V  takes  a  line  for  each  instruction,  and  each  instruction  takes  an  IPL-V  word,  this  fives 
an  estimate  for  length  of  program  listing  at  over  5000  lines,  including  data  structure*,  but 
not  including  an  estimate  of  space  taken  by  comments.  This  is  over  4  times  the  size  of 
listing  of  GPSR,  which  is  probably  more  densely  coded.  GPS-2-2  used  6.9  K  words,  about 
a  third  the  size  of  GPSR,  including  the  space  used  for  a  single  task  specification.  GPSR  can 
also  be  compared  to  a  current  Lisp  version  of  GPS,  called  Mini-GPS*.  Mini-GPS  differs 
from  GPSR  in  having  only  Form  operators,  in  lacking  object  and  goal  recognition  processes, 
and  in  being  restricted  (somewhat  specialized)  to  performing  a  symbolic  manipulation  task 
similar  to  the  earlier  GPS  logic  tasks.  It  has  66  Lisp  functions  and  its  program  listing  takes 
about  616  lines.  The  program  listing  for  GPSR  takes  about  twice  as  many  lines,  and  the 
number  of  GPSR’s  Ps  is  about  double  the  number  of  Mini-GPS  functions,  making  allowances 
for  Mini -GPS's  functional  limitations.  But  since  most  Lisp  functions  (this  is  somewhat 
speculative)  test  more  than  two  conditions  (i.e.,  alternatives  in  Lisp  CONG'S),  it  must  be  the 
case  that  a  P  is  expressing  action  at  a  higher  level,  since  by  this  there  is  much  more  than 
one  condition-action  pair  in  Lisp  corresponding  to  a  P.  This  must  be  taken  only  es  a 
preliminary  line  of  thought,  to  be  properly  treated  more  fully  in  a  context  where  a  more 
satisfactory  comparison  can  be  made. 

One  feature  that  is  very  useful  but  that  occasionally  causes  problems  is  the 
"parallelism"  of  P  firings.  This  refers  to  the  simultaneous  firing  of  a  P  whose  condition 
matches  in  more  than  one  way.  All  of  the  possibilities  are  used,  and  consequences  are 
followed  up  in  unpredictable  order.  This  makes  processing  sets  of  similar  items  appear  as 
if  the  processing  is  happening  to  only  one,  as  far  as  the  static  program  is  concerned.  For 
instance,  the  Match-Diff  submethod  is  expressed  as  a  set  of  Ps  that  test  the  various 
special  cases,  but  the  control  of  where  in  a  tree-structured  object  the  match  is  located  is 
left  open  to  the  arbitrariness  of  the  firing  parallelism.  As  with  asynchronous  processes  in 
general,  it  is  necessary  to  bring  together  (synchronize,  or  join)  the  various  computational 
strands;  in  PSs  this  is  done  by  a  single  P  that  uses  the  results  of  such  a  process  but 
whose  condition  requires  that  no  loose  ends  are  lying  around.  This  is  necessary  because, 
once  control  passes  on,  the  loose  ends  get  masked  by  new  processing  (pushed  down  in  the 
stack,  :SMPX)  and  do  not  rise  to  the  top  until  some  later  point. 

This  parallelism  is  used  in  several  processes  in  GPSR.  Feasible  assignments  are 
generated  by  multiple  firings  of  single  task  Ps  (actually  one  task  P  for  each  class  of 
desired  assignment),  and  there  is  control,  M40R,  to  make  sure  all  feasible  assignments  are 
generated  before  a  selection  is  made  by  M40  (that  control  is  used  only  in  case  of  multiple 
Operators  that  give  rise  to  more  than  one  class  of  desired  assignment).  The  Try-Apply 
submethod  processes  sets  of  feasible  assignments  in  parallel,  with  the  final  selector  for 
the  result  to  which  control  is  to  pass,  M45,  acting  as  the  synchronizer  for  the  process. 
The  desirability  selection  process  constructs  desirable  assignments  that  may  be  sets  of 
values  for  a  particular  variable;  it  generates  assignments  for  different  components  of  a 
difference  in  arbitrary  order;  and  it  may  be  working  on  assignments  for  more  than  one 
operator  at  once.  M37,  M37R,  and  M37S  are  the  synchronizing  Ps.  The  match  also 
operates  in  parallel,  as  explained  above,  and  also  in  the  sense  that  it  can  do  two  or  more 
matches  at  the  same  time.  This  is  used  in  the  MATCH:0IFF1  variant,  called  by  the  object 
filing  process,  in  which  several  objects  similar  to  an  object  may  need  to  be  matched,  and  in 


•  Implemented  by  J.  Roehrich  for  instructional  use  in  the  CMU  AI  course. 
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which  several  objects  may  be  being  filed  at  once.  The  ordinary  match  is  synchronized  by 
ueing  the  stacK  (:$MPX)  to  hold  off  proceeding  until  all  the  match  signals  have  been  cleared 
out  of  the  stack,  letting  the  TRANSF2  signal  come  to  the  tops  see  Ps  M20  and  M23.  The 
match  used  by  the  object  filing  is  synchronized  by  F42  and  the  Ps  that  follow  it.  In 
general,  Ps  for  erasure  of  data  use  multiple  firings  to  advantage,  e.g.,  the  F20’s,  M37,  and 
M44E.  Finally,  there  are  several  places  where  complex  selections  are  broken  up  into 
cascades  of  tests,  with  one  P  narrowing  down  a  large  set  to  a  smaller  set  of  candidates, 
and  with  the  second  P  narrowing  that  set  down  to  a  unique  selection.  This  is  used  in  the 
Try-Old-Goals  process  (Ps  E30-E32),  in  the  selection  of  objects  by  the  NEWrOBJ  criterion 
(E35-E37),  and  in  matching  apply  goals  with  various  desired  assignments,  in  the  goal- 
recognition  process  (F8N-F8Z). 

In  most  of  the  above  examples,  GPSR  has  extra  mechanisms  to  synchronize  scattered 
parallelisms,  even  though  in  ordinary  processing  it  is  unused,  because  the  parallel  firing 
paths  have  remained  locked  together.  In  other  words,  GPSR  is  written  to  produce  the 
same  behavior  whether  or  not  there  is  this  parallelism,  for  the  reason  of  making  the  code 
general  enough  to  handle  sets  where  ordinarily  there  are  only  single  elements.  Speaking 
abstractly  two  varieties  of  mechanism  are  used  for  this:  first,  using  :SMPX  to  order  the 
examination  of  two  signals,  where  the  first  initiates  processing  and  the  second  does  the 
right  thing  afterwards  -  the  second  signal  being  held  in  the  stack  until  the  desired  process 
has  exhausted  itself,  at  which  point  it  becomes  the  most  recent  unexamined  event, 
resulting  in  firing  a  P  that  renames  outputs  and  initiates  a  process  that  uses  those  outputs; 
second,  having  the  final  Ps  of  a  process  test  for  any  unused  control  signals  for 
intermediate  steps  in  the  process,  and  if  any  are  around,  re-assert  them  so  they  become 
more  active  and  precede  anything  done  by  the  succeeding  process,  which  uses  the  newly- 
developed  results.  Those  places  in  GPSR  where  it  was  unnecessary  to  use  such 
mechanisms  because  the  parallel  firings  were  guaranteed  to  stay  together  would  have  to 
be  modified  in  one  of  those  two  ways,  if  that  assumption  were  relaxed,  and  this  would  be 
only  a  minor  inconvenience  (no  other  known  PS  architecture  has  the  feature).  But  if  the 
program’s  static  form  required  slight  modifications,  its  dynamic  performance  would  suffer 
more  since  the  existing  synchronizing  mechanisms  would  actually  be  brought  into  use  in 
most  cases.  All  in  all,  parsimony  favors  retaining  the  multiple-firing  feature,  since  there  is 
no  evidence  that  its  negative  aspect,  too  much  action,  is  uncontrollable. 

In  addition  to  the  control  topics  just  discussed  (namely,  iteration  over  sets, 
synchronization  of  parallelisms,  selection,  combinatorial  generation,  and  the  match's  scatter 
order),  there  are  some  other  aspects,  touched  on  elsewhere  in  this  chapter,  that  can  be 
summarized  here.  The  executive’s  control  context  is  maintained  by  a  small  number  of  data 
Instances,  telling  it  the  status  of  the  current  goal  and  how  to  proceed  if  the  goal  should 
succeed  or  fail.  Generally,  local  memory  instances  tell  processes  at  all  levels  which 
subparts  of  processes  (subsets  of  Ps)  are  responsible  for  the  next  decisions  in  the  normal 
control  flow.  Either  a  process  subpart  knows  or  determines  what  is  to  come  next,  and 
asserts  the  appropriate  data,  or  it  simply  asserts  its  output  and  the  direction  of  control 
flow  is  determined  by  other  instances  that  were  stacked  up  (:SMPX)  when  the  subpart  was 
evoked.  That  is,  control  simply  falls  back  to  pending  things  to  be  done.  The  verient  of  the 
Match-Diff  submethod  that  produces  only  a  single  difference  is  controlled  (terminated)  by 
,  having  its  control  signals  erased  when  enough  of  its  output  has  been  received.  The 
!  overall  organization  of  GPSR  into  executive  ♦  methods  ♦  processes  ♦  task-dependent 
operators  is  a  conventional  hierarchical  organization,  but  achieved  with  an  unstructured 
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sat  of  Pa.  Tha  Knowledge  in  the  Ps,  however,  is  rather  modular,  in  the  Sanaa  that  Pa 
group  naturally  into  sets  according  to  tha  hinds  of  Knowledge  they  represent.  Pa  in  a 
modulo  share  much  mors  with  each  other  in  terms  of  processing  assumptions  and  data 
instances  than  Ps  in  separate  modules  do  (sea  Section  L5).  Perhaps  wo  Homo  traded 
modularity  of  Knowledge  for  elaborate  control  structures. 

GPSR  is  comfortably  within  an  order  of  magnitude  of  reasonable  run-time  efficiency. 
either  for  human  or  computer.  It  solves  the  tasks  exhibited  in  run  times  ranging  from  two 
minutes  to  about  45  minutes.  This  represents  a  range  of  12  seconds  per  goal  to  about  40. 
By  this  seconds -per -goal  figure  alone,  GPSR  is  about  3  to  10  times  slower  than  GPS  Is 
estimated  to  be  on  the  same  computer  (using  Ernst  and  Newell’s  data,  17  seconda  per  goal 
on  a  7090),  and  about  20  times  slower  than  the  Mini-GPS  program.  Most  of  the  reason  for 
this  range  is  the  increasing  inefficiency  in  accessing  Working  Memory  items  as  the  number 
of  items  gets  larger  (for  instance,  all  objects’  representations  are  kept  in  Working 
Memory);  this  feature  is  tolerable  at  present  because  of  the  experimental  first- 
approximation  nature  of  Psnlst.e  Times  for  the  average  Working  Memory  action  range 
from  95  to  185  milliseconds,  and  for  P  firings  from  335  to  605  milliseconds.  The  GPSR 
program  uses  23.1  K  36-bit  words  (using  the  LISP  encoding),  and  the  task  Ps  use  amounts 
from  3K  (for  MK)  to  5.1  K  (for  MC).  On  the  average  this  is  about  10  K  per  100  Ps.  For 
Working  Memory  during  the  problem  runs,  from  6  K  to  about  20  K  words  are  used.  The 
only  comparable  figures  available  for  GPS  are  that  program  and  data  used  20  K  IPL 
symbolic  locations,  which  would  probably  correspond  to  20  K  words  on  the  computer  used 
for  GPSR.  Mini-GPS's  size  is  about  4.5  K.  The  only  impact  of  the  low  run-time  efficiency 
on  implementation  time  was  that  only  one  or  two  test  runs  could  be  made  per  day.  This 
was  offset  in  part  by  being  able  to  debug  GPSR  using  only  the  printed  trace  and  the  trace 
of  P  firings;  that  is,  debugging  interactively  was  necessary  only  in  the  initial  stages.  The 
time  inefficiency  is  actually  only  barely  tolerable;  that  is,  if  it  were  somewhat  worse, 
accomplishing  anything  would  become  almost  impossible.  Current  expectations  are  that 
significant  improvement  is  possible  through  radical  changes  in  the  implementation  of  PSnlst. 


E.2.  Trade-offs  between  Working  Memory  and  Production  Memory 

In  PSs  In  general,  there  are  two  ways  of  storing  data:  as  items  in  the  Working 
Memory  (WM)  or  as  data  in  RHSs  of  Ps  (Production  Memory,  or  PM)  that  can  be  evoked 
when  needed.  In  psychological  modelling,  there  is  usually  some  theoretical  constraint  on 
which  memory  can  (must)  be  used,  usually  determined  by  limits  on  WM  capacity  or  WM 
item  lifetime.  But  for  AI  purposes,  and  in  particular  for  GPSR,  the  only  strong 
consideration  is  programming  convenience  and  efficiency.  Nevertheless,  for  illustrative 
purposes  PM  is  used  for  storing  longer-term  data  in  one  instance,  and  it  is  possible  on  the 
basis  of  the  experiments  already  completed  to  suggest  other  places  in  the  program  where 
this  might  be  advantageous.  The  advantage  of  using  PM  is  to  reduce  the  size  of  WML 
making  matching  more  efficient  by  reducing  combinatorial  explosion,  and  removing  data 
from  the  focus  of  attention  so  it  doesn’t  interfere.  There  is  a  certain  cost  involved, 
though,  in  storing  into  and  retrieving  from  PM.  It  is  assumed  that  adding  to  the  number  of 
Ps  does  not  increase  the  cost  of  finding  a  P  that  matches,  since  such  Ps  are  usually  keyed 
to  signals  that  don’t  get  used  in  the  rest  of  the  program. 


•  See  Section  G.2  for  a  discussion  of  improvements  within  the  bounds  of  the  PS 
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The  illustrative  use  of  PM  is  to  store  the  components  of  ioc -progs.  These  are  used 
only  occasionally,  and  their  number  for  a  task  may  got  large  (it  is  task-dependent).  The 
desirability  selection  process  uses  them,  so  when  it  needs  to  have  them,  it  emits  a  signal 
and  the  appropriate  P  responds  by  asserting  the  components.  The  components  are  then 
deleted  on  use.  The  component  P  is  built  at  the  tame  time  as  are  the  loc-prog  recognition 
and  application  Ps,  in  the  filing  process. 

A  related  potential  use  of  this  mechanism  is  in  storing  move-operator  components, 
which  are  used  in  a  way  similar  to  loc-prog  components.  The  revisions  required  to  the 
desirebility  selection  process  (Section  D.3)  could  use  the  PM  to  advantage,  since  erasing 
the  components  after  use  would  then  be  possible,  and  their  absence  could  be  used  as  an 
indication  that  the  process  of  constructing  a  desirable  assignment  was  successful.  Using 
their  absence  is  somewhat  less  clumsy  than  using  some  new  positive  data  items  to  signify 
that  fact.  This  particular  trade-off  has  emerged  from  experiments  as  useful,  and  thus  is 
recommended,  but  in  general  such  considerations  are  not  easily  foreseeable.  Making  this 
conversion  is  not  anticipated  to  be  difficult;  one  option  is  to  simply  force  the  task 
specification  to  bring  about  the  switch,  but  the  necessary  Ps  could  also  be  built  internally 
from  presently-given  data. 

We  have  seen  above,  Section  B.3,  that  there  was  a  rich  variety  of  decisions  along 
this  dimension  for  the  canonization  and  recognition  processes.  For  instance,  the  table  of 
connections  is  expressed  presently  as  an  object  in  the  WM,  but  could  be  expressed,  in 
circumstances  demanding  more  complex  choices,  as  Ps.  Another  instance  of  a  similar  usage 
is  expressing  described  objects  as  Ps  in  the  MK  task.  There  the  match  to  an  object  is 
specified  as  a  procedure  that  recognizes  differences.  We  will  discuss  possible  further 
modifications  relating  to  this  issue  in  Section  G.2. 


1  E3.  The  ease  of  extending  GPSR 

A  set  of  modifications  were  made  to  GPSR  as  the  implementation  developed.  The 
ease  with  which  this  was  done  will  illustrate  the  usefulness  of  GPSR  for  performing  further 
GPS  experiments.  This  subsection  discusses  the  assignment  ordering  heuristic  used  for 
MC,  the  generalization  of  the  transform  method  to  allow  it  to  be  retried,  the  addition  of  the 
NEW:OBJ  criterion  for  MC,  the  use  of  described  objects,  and  the  modification  to  the 
MATCH:DIFF  submethod  to  produce  a  single  difference  rather  than  all  differences  and  to 
perform  more  than  one  match  at  a  time. 

The  assignment  ordering  heuristic  in  MC  consists  of  preferring  to  have  two  people 
In  the  boat  when  moving  it  from  left  to  rigth,  and  preferring  only  one  in  the  boat  on  the 
return  trip.  To  do  this,  two  Ps,  QF3  and  QF4,  were  added  to  evaluate  generated  feasible 
assignments,  and  a  change  was  made  to  M40  in  the  Try-Apply  submethod  to  be  sensitive 
to  the  evaluation.  The  two  QF  Ps  were  necessary  because  of  the  two  different 
evaluations,  one  for  left-right  moves  and  the  other  for  right -left  moves.  The  change  to 
M40  consisted  of  a  nested  sequence  of  conjuncts  to  cause  selection  to  be  based  on  the 
numerical  value  produced  by  the  evaluation.  It  was  necessary  also  to  add  an  argument  to 
the  new-feasible -assignment  signal  (HA5NEWFEAS),  for  the  value  (this  affected  about  a 
dozen  places  in  the  program,  but  only  the  M40  location  was  sensitive  to  the  addition).  The 
two  QF  Ps  are  interposed  between  the  generation  of  feasible  assignments  and  their  use 
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for  totting  applicability  of  an  operator  by  renaming  the  output  item  (HASNEWFEAS)  from 
the  generators  to  serve  as  an  input  (HASNEWFEASrORD)  to  QF3  and  QF4<  theae  then  had  aa 
their  output  the  previous  generator  output  item.  To  disaHow  the  option,  it  is  only 
necessary  to  change  the  name  of  the  generators*  outputs  back  to  HASNEWFEAS.  For  teaks 
that  have  no  assignment  evaluation,  the  value  argument  is  simply  given  as  0,  amounting  to 
a  dummy  placeholder. 

The  R£TRY:TRANS  option  allows  the  Transform  method  to  be  retried  by  enabling  it 
in  the  executive  and  by  saving  alternatives  as  they  are  generated.  Ordinarily  the 
executive  stops  backing  up  when  it  hits  a  transform  goal,  and  evokes  the  Try-Old-Goals 
process!  by  adding  an  extra  condition  in  E24  to  test  whether  the  option  is  on,  and  by 
adding  E25  and  E26  to  apply  the  option  and  to  fail  on  exhaustion  of  alternatives,  the 
executive’s  action  in  this  case  was  modified.  The  Transform  method  itself  had  to  be 
modified  to  save  alternative  differences  (from  MATCHsDIFF)  instead  of  erasing  them.  M24S 
does  this!  only  differences  whose  difficulty  is  equal  to  that  of  the  hardest  difference  are 
saved  (as  HASALT:DIFFR  instances).  (The  Transform  method  makes  an  arbitrary  choice 
from  the  set  of  equally-difficult  differences.)  The  option  is  turned  on  by  inserting  the 
RETRY:TRANS  signal  at  the  beginning  of  a  test  run,  manually. 

The  New-Obi  option  is  implemented  as  a  sfda  case  to  the  Try-Old-Goals  selection.  It 
selects  an  object  that  has  not  been  the  subject  of  a  transform  goal,  creates  a  goal  for  that, 
and  proceeds.  There  is  a  test  for  the  option  in  E30  (the  option  is  enabled  by  the 
SEIECT:NEW:0BJ  signal,  inserted  manually),  and  E35,  E36,  and  E37  carry  out  the  essociated 
selection,  goal  construction,  and  cleanup  operations.  When  no  objects  are  available,  Try- 
Old-Goals  is  done,  by  default. 

Extending  the  Transform  method  to  allow  described  objects  as  desired  objects 
requires  only  one  change  in  GPSR  itself,  and  the  addition  of  the  requisite  tests  as  part  of 
task  Ps  (see  the  MX  P  QK).  M25  in  the  Transform  method  is  necessary  in  order  to 
detect  a  successful  goal  by  noting  that  no  differences  are  produced  by  MATCRDIFF. 
Ordinarily  this  test  is  unnecessary  because  success  can  be  detected  by  identical 
(canonized)  object  names.  The  described-object  tests  themselves  respond  to  the 
MATCH:DIFF  signal  and  produce  output  similar  to  that  produced  by  the  MATCKkDIFF 
submethod.  The  MATCH:DIFF  submethod  cannot  do  anything  because  a  described  object 
doesn’t  have  any  nodes  for  it  to  even  get  started  with.  The  option  is  enabled  simply  by 
asserting  1SDESCRI8ED:0BJ  for  the  desired  object  of  the  top  goal  (e.g.,  in  QI  of  MK). 

For  use  by  the  object -filing  (canonizing)  process,  the  MATOfcDIFF  submethod  needs 
only  to  produce  a  single  difference,  to  distinguish  two  objects  in  the  object  network.  The 
MATCH:DIF1  signal  is  set  by  the  filing  Ps,  and  the  MATCH.-DIFF  submethod  is  evoked.  Thet 
submethod  works  as  it  normally  does,  except  at  the  final  output  stage,  where  there  is  a 
split  according  to  whether  MATCH.-DIF1  is  on.  The  split  (an  extra  condition  in  K9)  prevents 
the  firing  of  K9,  and  K1I  is  used  instead;  Kll  is  the  only  added  P  for  this  change.  Since 
the  MATCH:DIFF  submethod  works  in  "parallel",  usually  not  all  of  its  results  are  produced 
at  once;  this  can  be  used  to  advantage  here  because  only  one  result  is  needed.  The 
superfluous  processing  is  prevented  by  erasing  any  remaining  MATCHiDIFF  data  (Ps  F21 
through  F28  do  this).  The  added  requirement  that  the  MATCHsDIFF  submethod  be  able  to 
do  two  matches  at  the  same  time  is  achieved  by  adding  two  object  arguments  to 
MATCHsDIFF;  this  allows  results  from  separate  matches  to  be  distinguished  where 
previously  they  would  not  have  been. 


IV -58 


GPSR 


Production-System-Reiated  Features  of  GPSR 


L3 


In  summary,  each  of  tho  five  modification*  disci  used  above  was  achieved  very 
concisely,  requiring  at  most  the  addition  of  three  Ps  and  the  modification  of  one  existing  P 
to  allow  a  new  branch  in  the  execution  path. 


E.4.  Mapping  the  GPS  external  representation  onto  the  tasK  Ps 

In  Section  D.S,  we  have  presented  a  comparison  of  features  of  the  GPS  external  task 
language  and  GPSR  task  Ps.  That  can  be  summarized  as  follows.  The  mixed  declarative- 
procedural  aspect  of  PSs  is  used  to  fullest  advantage  when  tests,  moves,  expressions,  and 
variable  constraints  are  expressed  directly  in  task  Ps.  It  is  used  less  directly  in  the 
encodings  of  the  DIFFiORDER  and  TABLE:CONN  objects:  they  are  passive  data  structures, 
but  they  are  accessed  by  task-specific  loc-prog  Ps  that  are  built  as  required  by  GPSR. 
This  passive  encoding  is  only  an  expedient  here,  since  nothing  prohibits  their  being 
encoded  as  more  general  Ps  that  respond  on  request  with  the  desired  information.  In  a 
couple  of  cases  it  is  necessary  to  represent  things  dually,  once  in  Ps  and  once  as  Working 
Memory  instances.  This  is  due  to  the  requirements  of  the  desirability  selection  process:  it 
must  have  information  about  specific  operator  effects  (move-operator  components)  and 
about  variable  domains.  An  interesting  idea  developed  in  Section  E.2  is  that  the 
information  in  Working  Memory  is  more  properly  thought  of  as  coming  from  the  RHSs  of  Ps 
that  are  evoked  when  it's  needed.  Thus  the  duality  of  knowledge  representation  becomes 
that  it  is  encoded  in  LHSs  and  RHSs  Of  Ps.  Ideally,  ot  course,  all  of  this  would  be 
supported  by  having  a  set  of  Ps  to  translate  from  an  .external  language  to  the  form  usable 
by  GPSR.  My  justification  for  not  carrying  this  out  is  that  such  a  sophisticated  translation 
was  not  part  of  GPS  either:  its  external  language  was  artificial,  and  even  though,  perhaps, 
it  wasn't  as  far  away  from  natural  language  as  the  PS  representation,  the  translation 
problems  are  similar. 


E5.  The  knowledge  encoded  in  the  GPSR  executive 

The  approach  to  problem-solving  that  is  embodied  in  GPS  is  to  set  up  an  executive 
whose  expertise  is  evaluating  progress  and  allocating  effort  among  a  set  of  methods  for 
achieving  various  kinds  of  goats.  The  methods  in  turn  produce  results  by  making  use  of 
only  task-specific  knowledge.  Thus  there  is  a  natural  modularization  of  bodies  of 
knowledge  along  the  lines  of  this  division  into  executive  and  methods  and  task-specific 
knowledge.  In  GPSR,  the  components  of  each  body  of  knowledge  are  implemented  as  ft, 
and  each  body  is  modular  in  that  contact  between  bodies  is  rare  compared  to  interactions 
within  each.  In  this  subsection  we  will  consider  briefly  the  nature  of  the  bodies  of 
knowledge,  and  then  focus  on  how  the  knowledge  in  a  part  of  the  executive  gets 
represented  as  Ps. 

The  body  of  knowledge  in  the  executive  deals  with  difficulty  of  goals  and  with  goal- 
subgoal  and  antecedent-goal  structure.  It  decides  when  to  evoke  a  method  to  achieve  a 
particular  goal  and  it  knows  how  to  use  the  results  of  a  method  evocation  to  make  further 
progress  towards  solution  of  the  problem.  The  methods  embody  a  set  of  general 
techniques  that  are  applicable  to  a  variety  of  specific  tasks.  The  methods  perform 
matching,  evaluate  differences  resulting  from  the  matching,  select  task  operators  according 
to  appropriateness,  keep  track  of  alternative  operators  to  try,  and  interface  to  the  task 
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operators,  specifying  how  the  operators  are  to  be  applied  and  interpreting  the  resutta  of 
application  attempts.  The  Knowledge  that  allows  a  specific  tasK  to  be  done  dealt  with 
applying  operators,  extracting  operator  differences,  generating  feasible  assignments,  and 
initializing  the  task. 

The  executive  is  divided  into  several  pieces:  one  evaluates  new  goals,  one  handles 
the  success  of  goals,  one  handles  failure,  one  checks  for  retrysble  supergoals  and 
antecedents,  and  one  selects  old  goals  for  retrying  (the  Try-Old-Goala  process).  We  will 
focus  on  the  evaluation  piece,  which  is  Ps  EI-E8,  corresponding  to  APs  EOb,  EOc,  and  EOd 
in  Figure  C.2.  Figure  E.1  gives  slightly  abstract  Ps  for  E1-E8. 


El:  aval-goal  &  not  repeated  &  not  too-difficult  ->  select-method; 

E2:  aval-goal  &  too-difficult  &  not  repeated  &  isreduce-goal 
->  printCNo  Progress")  &  check-retry(supergoal); 

E2R:  aval-goal  &  too-difficult  &  repeated  &  isreduce-goal 
->  print("Repeated")  &  try-old-goals  &  disallow-retry; 

E3:  aval-goal  &  too-difficult  &  hasantecedent-goal 

->printCNo  Progress")  &  fail  &  methods-exhausted(antecedent-goal); 

E4:  aval-goal  &  too-difficult  &  not  hasantecedent-goal  &  isreduce-goal(supergoal) 

->print(”No  Progress")  &  fail  &  methods-exhausted(supergoal); 

E8:  eval-goal  &  repeated  &  not  too-difficult 

->  printCRepeated")  &  try-old-goals  &  disallow -retry; 

Figure  E.1  Slightly  abstract  Ps  for  goal  evaluation 


Rather  than  take  the  Ps  themselves  as  primitive  units  of  knowledge,  it  is  useful  to 
state  the  knowledge  more  declaratively*.  The  following  statement  of  the  subset  of  the 
knowledge  in  the  executive  that  is  used  in  EI-E8  is  intended  to  correspond  to  a  more 
natural  and  immediate  statement  of  knowledge  contained  in  the  bodies  of  knowledge 
sketched  above,  and  to  correspond  to  the  form  in  which  knowledge  is  first  verbally 
formulated  when  something  new  arises  as  the  result  of  experiments  with  GPSR. 

N1  a.  Goal  evaluation  is  the  last  thing  that  is  done  to  a  new  goal  before 
the  executive  selects  a  goal  for  further  problem-solving  effort; 

b.  in  the  executive's  selection,  a  new  goal  is  preferred  to  old  ones; 

c.  a  goal  is  evaluated  as  too  difficult  if  it  is  more  difficult  than  either, 
its  antecedent  or  supergoal. 

Used  in:  E1-E8;  the  "eval-goal"  signal  is  implicitly  a  new  "eval-goal"; 
how  the  evaluation  is  defined  is  used  wherever  "too-difficult"  occurs. 

N2  If  a  goal  is  selected  for  further  effort,  a  method  should  be  selected 
to  work  on  it. 

Used  in:  El  (E22,  E31). 

M3  A  goat  that  is  a  repetition  of  a  previous  one  should  be  abandoned 
permanently. 

Used  in:  E2R,  E8. 

Interacts  in:  El,  E2. 


•  The  approach  here  was  first  presented  in  Rychener,  1975. 
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N4  A  reduce  goal  that  Is  too  difficult  may  be  retried  later,  if  no  other 
reasons  prohibit  that  retry;  it  should  not  fail,  and  its  supergoal 
should  be  checked  for  the  possibility  of  retrying. 

Used  in:  E2. 

Comment:  the  part  about  ratrying  the  supergoal  is  probably  wrong, 
from  a  GPS  standpoint  (it  does  describe  GPSR’s  action);  but  this  case 
does  need  to  be  distinguished  from  the  ones  below. 

N5  When  a  repeated  goal  is  abandoned,  the  Try-Old-Goals  process 
should  be  evoked,  if  no  other  action  is  prescribed. 

Used  in:  E2R,  E8. 

N6  A  goal  that  is  too  difficult  fails. 

Used  in:  E3,  E4.  (Note  that  this  overrides  N5,  since  it  is  unqualified.) 
N7  When  a  goal  is  too  difficult,  and  when  it  has  an  antecedent  or  when  it 
has  a  reduce  supergoal,  the  antecedent  or  reduce  supergoal  should 
not  be  retried  because  any  further  tries  would  also  be  too  difficult. 
Used  in:  E3,  E4. 

N8  A  reduce  goal  is  derived  as  a  subgoal  of  a  transform  goal  or  of  an 
apply  goal;  it  can  never  have  an  antecedent. 

Used  in:  E3,  E4;  to  remove  the  need  for  "not  isreduce-goal".  (This 
makes  N4  and  N7  mutually  exclusive.) 

Comment:  Similar  defining  statements  could  be  made  for  other  goal 
types,  but  they  aren't  used  in  E1-E8. 

Figure  E.2  gives  a  picture  of  the  mapping  of  knowledge  statements  to  E  Ps. 


Several  features  are  noteworthy,  in  El  we  see  a  typical  effect  of  an  interaction  of 
three  pieces  of  knowledge,  N2,  N3,  and  N6.  El  would  start  out  as  "eval-goal  ->  select- 
method",  based  on  N2;  N3  and  N6  each  add  a  condition,  to  result  in  the  El  displayed. 
Similar  interaction  occurs  in  E2-E8  between  how  to  handle  goals  that  are  repeated  vs.  how 
to  treat  the  case  where  a  goal  is  too  difficult  (non-progressive),  both  of  which  can  be  true 
Of  a  new  goal.  The  knowledge  about  how  to  treat  goafs  that  do  not  make  progress  (are 
more  difficult  than  their  supergoal  or  antecedent)  arose  out  of  experiments.  For  instance, 
N7  becomes  necessary  when  one  notices  a  goal  that  is  retried  several  times,  sprouting 
subgoals  that  are  in  each  case  too  difficult.  This  knowledge  takes  advantage  of  the  fact 
that  subgoals  are  generated  in  order  of  non-decreasing  difficulty.  N4  also  arose  out  of 
experimental  need,  as  was  discussed  in  connection  with  the  MC  task,  Section  0.5.  Note 
that  E2R,  E3,  and  E4  do  not  exhaust  all  the  cases  of  goals  that  a  priori  might  be  possible  if 
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assigning  difficulties  is  not  taken  into  account.  It  was  found  by  experience,  however,  that 
those  three  Ps  do  suffice,  as  a  result  of  the  way  difficulties  are  assigned. 

Knowing  the  history  of  how  the  executive  developed  from  experiments  and  knowing 
by  analysis  the  form  of  knowledge  interactions  in  executive  Ps  leads  us  to  conclude  that 
further  knowledge  can  be  encoded  in  the  same  way  as  the  examples  above.  That  is,  new 
knowledge  will  primarily  result  in  new  Ps,  but  is  also  likely  to  have  interactions  with 
existing  knowledge,  resulting  in  conditions  added  to  existing  Ps.  This  view  is  supported  by 
the  ways  in  which  some  extensions  were  made  to  GPSR,  as  we  have  seen  in  Section  E3. 
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F.l.  Features  Of  GPS  that  can  be  incorporated  into  other  problem  solvers 

The  organizational  structure  of  GPS  has  been  preserved  in  GPSR;  end  it  it 
sufficiently  useful  to  warrant  emphasis  here.  The  organization  is  based  on  the  idea  of  en 
executive  wandering  around  a  goal-subgoal  network  structure,  providing  inputs  to 
methods,  evaluating  results  of  methods,  maintaining  progress,  and  allocating  effort  (see 
Newell,  1962,  for  further  discussion  of  this,  and  of  alternatives  to  and  history  of  this 
approach).  This  cleanly  partitions  expertise  on  various  aspects  of  problem  solving:  the 
executive  knows  about  goal  tree  structure,  progress,  and,  at  a  general  level,  about  specific 
methods;  the  methods  are  the  repository  of  specific  techniques,  but  they  are  interfaced  to 
the  executive  in  uniform  fashion,  they  don’t  communicate  with  each  other  except  through 
the  executive,  and  they  carry  out  relatively  small  and  manageable  pieces  of  the  task 
(relative  to  everything  required  for  a  solution).  This  structure  could  presumably  be 
expanded  by  adding  new  problem-solving  methods,  and  the  expansion  would  be  supported 
by  the  existing  structure.  For  GPSR,  adding  a  method  would  require  mainly  extending  the 
method-selection  network,  and  the  method  would  have  to  adopt  or  augment  existing 
communication  conventions;  if  new  goal  types  were  required,  the  goal -recognition  and 
goal-sequencing  processes  in  the  executive  would  be  affected. 

Another  attractive  aspect  of  GPSR  with  respect  to  GPS  mechanisms  is  the  possibility 
that  the  task  Ps  can  become  arbitrary  programs.  In  the  examples  done  by  GPSR,  the 
program  nature  of  the  task  information  was  only  moderately  exploited,  but  the  general 
loose  interface  between  the  GPSR  Ps  and  the  task  Ps  might  be  used  to  advantage  for  more 
demanding  tasks,  or  for  tasks  that  deal  with  a  much  richer  environment.  As  the  task  Ps 
grow,  GPSR  might  become  a  minor,  but  important,  subsegment  of  the  overall  problem¬ 
solving  process. 

In  Section  G.2  we  will  discuss  some  possible  ways  in  which  GPSR  might  lose  its 
generality  on  a  specific  task,  as  it  develops  specialized  Ps  for  performing  some  of  its  basic 
processes.  This  will  include,  for  instance,  building  specialized  Ps  to  recognize  differences 
between  objects  and  recognizing  situations  similar  to  previous  ones  where  a  successful 
sequence  of  operators  might  be  directly  applicable,  thus  formulating  a  plan  spanning 
several  goals.  Even  with  such  specialization,  the  executive-method  organization  would  be 
retained  as  the  indispensable  goal -seeking  and  progress-maintaining  core. 


F.2.  Problems  with  GPS  from  an  implementation  viewpoint 

It  was  necessary  in  implementing  GPSR  to  make  interpolations  at  various  places 
between  what  is  described  by  Ernst  and  Newell  and  what  is  necessary  to  have  a  working 
program.  This  subsection  will  briefly  discuss  some  of  the  problems  encountered.  In 
comparison  to  most  AI  programs,  GPS  was  described  in  extensive  detail,  although  it  was 
also  sufficiently  complex  to  warrant  that  detail.  Perhaps  the  parts  of  it  that  were 
unspecified  relative  to  the  PS  implementation  indicate  as  much  about  the  level  of  the  PS 


IV-63 


F.2 


F.2 


GPS  features  of  GPSR 


GPSR 


language  or  about  the  PS  organization  of  the  GPS  processes  as  they  indicate  about  minor 
defects  in  the  original  description.  That  is,  the  small  number  of  additional  details  that  were 
essential  to  implementing  GPS  as  a  PS  indicates  the  small  gap  between  detailed  informal 
description  and  a  PS  implementation.  Some  of  the  following  however  are  clearly 
independent  of  implementation  language. 

Some  details  of  lower-level  processes  were  insufficient.  One  of  the  hardest  to 
implement  was  the  desirability  selection  process,  by  which  desired  (partial)  assignments 
for  operator  applications  are  constructed.  Connecting  differences  found  by  the  GPSR 
match  with  specific  operator  information  was  difficult  because  it  required  decisions  as  to 
how  much  task  information  could  be  used  without  losing  the  generality  of  the  process. 
The  general  solution  sketched  in  Section  0.3  was  arrived  at  after  experience  with  the 
requirements  for  several  varied  tasks. 

Ernst  and  Newell  didn't  give  enough  details  on  the  difference  evaluation  and  on  the 
scheme  by  which  difficulties  were  assigned  to  goals  as  a  result  of  that  evaluation.  It  is 
evident  from  detailed  study  of  GPS  traces  (in  Ernst  and  Newell)  that  certain  types  of 
differences  were  ordered  before  others.  For  instance,  in  TH,  reducing  an  UNDEF  to  a  YES 
at  some  location  is  always  preferred  to  reducing  a  YES  to  an  UNDEF  at  another  equally 
difficult  (by  DIFF.-ORDER)  location.  This  is  probably  most  sensible,  but  it  is  an  assumption 
about  the  problem-solving  process  that  was  not  discussed.  GPSR  evaluates  differences  by 
assigning  a  numeric  difficulty  value  according  to  heuristics  discussed  near  the  end  of 
Section  C.2.  This  value  is  then  used  as  a  difficulty  value  for  goals.  Such  precision  might 
have  hidden  dangers  in  general  because  difficulties  are  used  to  reject  (sometimes  only 
temporarily)  goals  from  consideration,  so  that  making  too  fine  a  distinction  between 
differences  could  be  putting  too  much  precision  at  a  place  where  some  margin  of  error  is 
appropriate  (see,  for  instance,  Section  D.5).  At  present,  however,  it  is  not  a  serious 
problem  for  GPSR. 

The  executive  in  GPS  was  described  in  considerable  detail,  except  that  for  the 
purposes  of  GPSR,  the  wrong  details  were  described,  and  some  essential  details  were 
omitted  or  fragmented  in  several  locations.  Part  of  the  difficulty  is  that  certain  GPSR 
executive  mechanisms  were  formulated  in  GPS  as  methods,  for  instance,  Antecedent-Goal 
method  and  Try-Old-Goals  method.  The  GPS  description  had  too  much  implementation 
detail  (in  particular,  dealing  with  the  interpreter  for  the  method  language,  which  is 
unnecessary  in  GPSR  due  to  the  expressive  power  of  the  Ps  themselves):  that  is,  the 
implementation  detail  was  too  fine  and  went  into  issues  that  were  irrelevant  to  the  GPSR 
implementation.  The  GPS  description  lacked  detail  on  how  the  executive  managed 
successes  and  failures  of  goals  (what  was  said  for  the  executive  contradicted  what  was 
said  for  the  antecedent  goal  method,  so  there  must  have  been  some  further  essential 
mechanisms),  on  how  it  managed  to  maintain  a  multiple-supergoal  structure  (which  it  said 
•rose  as  the  result  of  repeated  goals),  and  on  the  use  of  goal  difficulties  to  evaluate 
progress.  Unfortunately,  the  traces  of  GPS’s  behavior  suppressed  these  executive  aspects 
completely. 

Some  of  the  mechanisms  in  GPS  were  not  adequately  justified,  so  for  the  GPSR 
implementation  there  was  a  tendency  to  remove  things  that  looked  unnecessary. 
Subsequent  experiments,  however,  proved  their  necessity,  and  important  facts  about  GPS 
were  brought  out,  but  it  would  have  helped  to  have  had  a  priori  reasons.  In  many 
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respects,  this  chapter  suffers  from  similar  defects,  but  its  scope  is  too  narrow  to  be 
edequate  in  that  respect.  It  is  hoped  that  further  GPS  research  might  be  oriented  to  a 
fuller  justification  (see  Section  G.1).  For  instance,  from  simply  considering  GPS  behavior 
traces,  it  is  not  evident  that  it  is  necessary  to  recognize  repetitions  gf  gH  three  types  gf 
goals.  One  can  plausibly  reason  that  since  reduce  goals  are  derived  from  transform  and 
apply  goals,  any  repeated  reduce  goals  would  have  to  be  derived  from  repeated  goals,  so 
that  it  is  pointless  to  recognize  reduce  goals.  This  turns  out  in  practice  to  be  false: 
different  goal  contexts  can  in  tact  give  rise  to  the  same  goals.e  Further,  one  might  reason 
that  apply  goals  need  not  be  recognized,  in  a  similar  way,  but  it  turns  out  that  it  is 
possible  to  get  into  infinite  loops  of  apply  goals  that  don't  include  repeated  transform 
goals:  this  occurs  in  unlikely-appearing  sequences  where  apply  goals  are  being  retried. 

One  other  unjustified  mechanism  in  GPS  is  the  Transform-Set  method,  which 
(seemingly  arbitrarily)  picks  an  object  that  has  not  previously  been  used  as  the  subject  of 
a  transform  goal,  and  constructs  such  a  transform  goal  (this  is  the  New-Obj  criterion 
described  above,  near  the  beginning  of  Section  C.2;  the  method  in  GPS  has  become  part  of 
the  executive  in  GPSR).  This  method  is  "justified"  by  explaining  that  it  works  properly, 
since  transforming  an  object  derived  from  the  initial  object  to  get  to  the  desired  object  is 
logically  equivalent  to  the  original  problem.  But  it  is  not  justified  in  the  sense  that,  as  we 
have  seen  in  discussing  the  MC  task  (Section  0.5),  this  method  is  essential  to  the  success 
of  GPS  on  that  task:  the  rest  of  the  methods  without  the  Transform-Set  method  are 
insufficient  to  find  a  solution  (thus,  incomplete).  This  justification  is  important  because  the 
method  seems  quite  irrelevant  to  means-ends  analysis,  since  it  amounts  to  arbitrary, 
undirected  search,  and  since  it  doesn't  use  any  means-ends  principles.  We  will  see  below 
that  it  might  be  possible  to  improve  the  selection  using  means-ends  mechanisms  already  in 
GPSR. 


•  Whether  in  this  case  they  really  are  repeated  is  still  a  question,  since  they  are  repeated 
to  attain  different  goals.  This  is  especially  critical  if  the  repeated  goal  happens  to  be  one 
that  is  easily  attainable,  as  evidenced  by  previous  success.  Perhaps  this  is  closely  related 
to  the  multiple  supergoal  mechanism,  since  the  success  of  a  goat  with  many  supergoals 
implies  the  success  of  all  of  them,  even  if  they  are  not  all  known  when  the  success  occurs. 
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CLl.  GPS  research  topics 

This  subsection  brings  up  topics  related  to  developing  GPSR,  in  tour  groups.  The 
first  group  deals  with  problems  with  the  theory  of  means-ends  analysis  and  outlines  the 
aspects  of  the  problem-solving  executive  that  might  be  subjected  to  variation  in  order  to 
explore  the  space  of  GPS-like  programs.  The  second  group  addresses  possible 
augmentations  (he  basic  set  of  techniques,  in  order  to  improve  GPS  within  the  means- 
ends  framework.  The  third  group  considers  changes  in  the  way  GPSR  uses  its  basic 
techniques  that  might  improve  its  performance.  The  fourth  group  consists  of  issues 
related  to  expanding  the  area  of  successful  application  of  GPSR  techniques.  These  topics 
are  discussed  here  because  implementing  GPSR  has  raised  new  issues  and  has  caused  old 
issues  to  be  addressed  from  a  different  viewpoint.  GPSR  is  considered  useful  for  further 
GPS  research  because  of  properties  inherent  in  the  use  of  PSs,  which  will  be  discussed  in 
the  next  subsection. 

The  first  group  of  topics  addresses  the  theory  of  means -ends  analysis.  We  have 
already  discussed  the  apparent  incompleteness  of  the  basic  means-ends  analysis  methods. 
We  will  discuss  in  the  next  paragraph  some  of  the  design  decisions  in  the  executive  and 
methods  of  GPSR  that  might  be  varied  to  try  to  find  a  version  with  completeness. 
Regardless  of  whether  completeness  can  be  obtained  experimentally,  it  would  be  useful  to 
develop  proofs  of  completeness  or  incompleteness  and  of  task  domain  coverage:  can  the 
class  of  tasks  be  characterized  abstractly,  and  can  it  be  proven  that  GPS  can  solve  that 
class  (or  a  subclass  of  it).  One  minor  aspect  of  GPS's  search  is  that  it  seems  to  be  aided 
by  fortuitous  orderings  (of  operators,  of  table  of  connections,  etc.);  we  must  ask  what  the 
ordering  assumptions  are  and  how  they  affect  GPS's  behavior.  We  must  also  examine 
ways  of  making  the  ordering  more  under  the  control  of  the  means-ends  heuristics  (this  is 
discussed  further  below). 

A  number  of  design  decisions  were  made  in  the  executive  of  GPSR.  These  might  be 
varied  in  an  attempt  to  improve  the  performance  of  GPSR  or  as  an  exploration  of  the 
design  itself.  GPSR  retries  old  goals  (Try-Old-Goals)  when  a  goal  is  repeated  (GPS  was 
unclear  on  just  what  happened  in  this  case);  an  alternative  would  be  to  retry  the 
supergoal  of  the  repeated  goal.  Retrying  goals  is  propagated  up  the  supergoal  heirarchy, 
except  through  goals  that  have  failed  (in  that  case,  Try-Old-Goals  is  done),  until  a 
transform  goal  is  reached;  perhaps  Try-Old-Goals  should  be  used  sooner  in  this  situation. 
GPSR  does  not  retry  transform  goals,  but  evokes  Try-Old-Goals;  an  alternative  would  be  to 
go  further  up  the  supergoal  hierarchy.  GPSR  is  not  opposed  to  retrying  goals  that  were 
previously  abandoned  bacause  they  were  more  difficult  than  their  supergoals;  in  fact  this 
seems  critical  in  at  least  one  example  (but  the  example  was  not  tried  without  it);  this  may 
be  due  to  too  much  precision  in  the  difficulty  scheme.  GPSR  does  not  have  any  multiple- 
supergoal  mechanism;  it  is  not  clear  how  (or  why)  it  was  done  in  GPS,  and  no  behavior 
trace  exhibits  its  use.  Since  carrying  over  desired  assignments  led  to  completeness 
problems  in  GPSR,  this  should  be  investigated;  GPS  evidently  had  the  same  feature  (in  the 
MC  and  FS  tasks)  but  it  is  not  clear  whether  the  impact  was  substantial,  perhaps  due  to 
accidental  orderings  (GPSR  and  GPS  do  not  exhibit  exactly  the  same  search  behavior). 
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GPSR  never  retries  apply  goals  as  a  result  of  Try-Old-Goals,  even  though  doing  so  would 
result  in  new  paths  being  tried  (no  examples  exist  that  would  seem  to  result  in  paths  that 
would  be  real  progress).  The  New-Obj  selection  in  the  executive  selects  the  oldest  object 
that  fits  the  criterion,  where  some  other  order  might  be  better,  for  instance  the  newest 
object,  or  the  object  closest  to  the  goal.  GPSR  does  things  precisely  in  several  places 
where  perhaps  more  looseness  would  be  appropriate:  differences  are  evaluated  precisely, 
difficulties  are  assigned  using  the  difference  evaluation,  and  desired  assignments  are  made 
as  precisely  as  possible,  especially  in  MC  where  precise  numerical  values  can  be  used. 
Goals  in  GPSR  that  have  identical  attributes  are  taken  to  be  repeated,  even  when  the 
surrounding  goal-tree  context  is  different  and  when  the  new  goal  has  succeeded  in  the 
past  attempt;  in  some  examples  it  is  clear  that  this  might  be  inappropriate,  and  that  some 
way  of  taking  context  and  multiple  supergoals  into  consideration  is  needed.  Finally,  the 
GPSR  executive  has  parts  that  were  separate  methods  in  GPS.  Revising  this  decision  might 
be  necessary  if  GPSR  were  to  be  applied  to  tasks  beyond  those  done  by  GPS,  but  even 
then,  the  position  taken  by  GPS  might  not  be  correct  either,  especially  given  some  of  the 
considerations  above  relating  to  alternative  executive  organizations. 

The  second  group  of  topics  addresses  improvements  of  the  basic  elements  that 
means-ends  analysis  has  to  work  with.  Some  of  these  are  raised  also  by  Ernst  and  Newell. 
GPSR  needs  better  differences,  some  of  which  were  available  in  past  versions  of  GPS,  such 
as  "size  of  object  too  large"  or  "this  expression  contains  spurious  C’s".  GPSR  could 
perhaps  record  and  make  use  of  its  history  to  extract,  for  instance,  shortcuts  that  have 
been  accidentally  developed  to  attain  previous  goals.  This  is  closely  related  to  planning, 
one  variety  of  which  is  to  abstract  move  sequences  from  past  behavior  and  generalize 
them  to  apply  to  other  situations.  The  TH  task  is  one  example:  the  process  of  moving  the 
two  smallest  disks  is  used  several  times  in  the  solution  of  the  four-disk  problem.  A  second 
variety  of  planning  in  GPS  has  been  demonstrated  to  be  important,  especially  in  the  logic 
task  (see  Newell  and  Simon,  1972).  This  planning  involves  working  with  abstracted  objects 
and  operators,  where  some  features  are  suppressed,  so  that  such  techniques  might  allow 
GPS  to  work  with,  for  instance,  a  partially  specified,  vaguely  described  desired  object. 

GPS’s  behavior  on  certain  graph-searching  tasks  (BK,  WJ),  where  means-ends 
analysis  provides  almost  no  direction  to  the  search,  might  be  improved  by  adding  more 
methods.  GPS  has  difficulties  with  problems  involving  large  objects  (e.g.,  a  chess  board) 
and  it  has  no  satisfactory  approach  to  handling  data  types  such  as  sets  with  duplication, 
unordered  sets,  arrays,  and  so  on.  Some  recent  A1  languages  (the  Planner-like  languages, 
see  Bobrow  and  Raphael,  1973)  have  in  fact  remedied  some  of  GPS's  problems  with  large 
objects  and  with  diverse  data  types.  We  will  discuss  later  in  this  subsection  some  ways  in 
which  GPS  might  develop  into  something  like  a  problem-solving  language. 

The  third  group  of  topics  addresses  how  GPS  might  be  improved  by  making  better 
use  gf  techniques  it  already  has.  It  might  use  its  difference  evaluation  process  to  give 
each  new  object  a  distance-from-desired-object  evaluation,  thus  perhaps  allowing  its 
search  to  be  more  directed  by  working  first  with  objects  that  are  closer  to  the  desired 
one.  This  might,  for  instance,  be  used  to  adjust  the  difficulty  of  a  goal,  which  at  present 
uses  the  hardest  difference  as  opposed  to  some  measure  based  on  all  of  the  differences. 
This  might  relate  to  making  GPS  search  look  like  Nilsson’s  A*  algorithm  (Nilsson,  1971). 
Also,  as  we  have  mentioned  above  (Section  C.2),  it  might  be  possible  to  improve  the 
object -filing  process  by  making  use  of  DIFFrORDER  to  determine  which  attributes  Of 
objects  are  most  likely  to  change  and  thus  provide  better  discriminations. 
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The  fourth  group  of  topics  deals  with  how  to  expand  the  area  gf  application  of  GPS 
techniques.  One  way  is  to  develop  a  process  that  takes  natural  language  input,  requiring 
GPS  to  build  its  own  representation,  table  of  connections,  and  difference  ordering.  One 
approach  to  this  is  put  forth  by  Hayes  and  Simon  (1973),  although  they  do  not  carry  the 
actual  solution  to  completion,  and  they  assume  a  more  sophisticated  GPS  than  really  exists. 
Simon  and  Lea  (1973)  discuss  the  problem  of  how  it  is  necessary  to  alternate  between 
using  problem-solving  methods  and  processing  the  natural  language  input  to  get  more 
information  that  might  be  useful,  when  the  problem-solving  process  gets  bogged  down. 

GPSR  does  not  implement  the  GPS  methods  relating  to  form  operators.  These  would 
require  changes  as  follows.  The  match  would  need  to  be  revised  to  work  properly  with 
unordered  schemas.  As  it  is,  it  assumes  that  there  is  only  one  way  that  sub-objects  can 
be  placed  in  correspondence,  where,  say,  for  algebraic  expressions,  several  ways  might 
have  to  be  tried  to  find  the  best  match,  due  to  commutativity.  The  match  would  need 
immediate  operators,  such  as  assigning  variables.  The  application  of  immediate  operators 
creates  variants  on  objects,  which  seems  to  affect  object  canonization  in  a  way  not 
presently  accounted  for.  In  general,  objects  would  be  less  rigid  in  form,  so  that  object* 
related  processes  would  have  to  be  generalized  (loc-progs,  canonization,  table  of 
connections,  and  difference  ordering).  Subgoals  in  problems  with  form  operators  would 
have  to  deal  with  subobjects,  so  that  extra  conventions  to  handle  that  would  be  required, 
e.g.  in  goal  representation  and  in  the  executive.  There  are  fundamental  differences 
between  form  operators  and  move  operators,  so  that  basic  processes  like  desirability 
selection  would  have  to  be  altered.  None  of  these  changes  requires  major  structural 
changes,  except  perhaps  to  the  MATCH:D!FF  submethod  and  to  object  canonization,  so  that 
the  basic  GPSR  program  structure  would  be  sufficient. 

Several  processes  in  GPSR  assume  that  generated  sets  are  small  enough  that  they 
can  be  generated  in  toto  and  processed,  as  opposed  to  generating  single  elements  or  small 
subsets  and  processing  them  before  continuing  the  generation.  GPS  had  two  kinds  of 
generators,  Generate-and-Test  for  large  sets  and  Select-Best -Members  for  small  ones.  In 
GPSR  so  far,  no  need  for  the  large-set  technique  has  been  necessary,  but  other 
applications  might  require  it.  In  particular,  GPSR  must  generate  feasible  variable 
assignments  for  move  operators,  and  it  does  so  simply  by  computing  the  full  set  Of 
combinations  of  variables  and  values.  This  has  an  effect  or.  the  Try-Apply  submethod, 
which  tries  to  apply  all  of  the  operator  specifications  resulting  from  those  assignments, 
and  then  chooses  the  best  for  continuation  (it  can  suspend  the  application  testing  if  an 
operator  applies  successfully,  but  the  remaining  alternatives  are  still  saved  for  future 
possible  retrying).  Whether  generators  need  to  be  more  conservative  is  task-dependent, 
and  GPSR  would  need  to  be  able  to  decide  between  the  alternatives. 

Finally,  in  exploring  other  tasks,  it  might  be  useful  to  open  up  the  basic  problem¬ 
solving  processes  in  GPSR  for  task-specific  adjustment.  GPSR  could  develop  into  a 
problem-solving  language,  in  the  form  of  a  powerful  interactive  manipulative  system.  This 
would  not  be  dissimilar  to  the  incremental  simulation  technique  used  by  Woods  and 
Makhoul  (1974),  in  which  a  human  user  interacts  with  a  program  by  filling  in  indefinite  or 
unformalized  sections  of  program  action,  gradually  converting  that  action  to  actual 
program.  This  is  feasible  in  the  form  of  working  with  the  actual  Ps,  whose  flexibility  is 
evident  from  Section  E.3,  where  we  discussed  how  readily  the  executive  and  methods  were 
extended)  from  Section  E.4,  where  we  dealt  with  encoding  task  specifications)  and  from 


ai 


IV -69 


G.1 


Topics  for  Further  Research 


GPSR 


Section  E.5,  where  we  dealt  with  encoding  executive  knowledge.  The  kinds  of  "advice" 
that  would  certainly  improve  GPSR’s  power  in  specific  task  domains  are:  planning  at 
discussed  above,  of  both  types;  improving  the  selectivity  of  the  table  of  connections  and 
of  the  desirability  selection  process;  developing  problem-specific  differences  and 
difference  orderings;  intervening  at  points  where  arbitrary  selections  ere  made i  and 
adding  new  methods  and  expanding  the  method-selection  network. 


G.2.  Production  system  research  topics 

PS  research  issues  that  are  relevant  to  developing  GPSR  fall  into  four  broad 
categories:  efficiency,  difficulties  with  implementation,  design  criteria  for  orientation  to 
simulation  of  human  problem  solving,  and  expansion  to  more  demanding  task  domains. 

There  are  two  ways  to  attack  GPSR’s  inefficiency  problems  (Section  E.I)  at  the 
external  PS  level  (as  opposed  to  changing  the  PS  interpreter):  reducing  the  number  of  P 
firings;  and  reducing  the  size  of  Working  Memory,  thereby  making  the  match  process 
faster  by  reducing  the  time  to  access  memory  elements.  We  will  consider  the  various 
aspects  of  these  two  topics  in  the  order  of  decreasing  expected  payoff.  The  primary 
approach  to  reducing  the  number  of  P  firings  is  to  find  ways  to  collapse  sequences  of 
related  firings  into  a  single  firing.  In  GPSR,  this  can  be  done  by  changing  the  mode  of 
operation  from  "interpretive",  where  general  Ps  manipulate  task  information  in  the  Working 
Memory,  to  "compiled",  using  Ps  that  are  built  to  achieve  the  same  effect  but  that  are 
task-specific.  The  primary  approach  to  reducing  the  size  of  Working  Memory,  which  ranks 
second  in  terms  of  expected  efficiency  payoff,  is  to  store  much  of  the  information  in  Ps 
when  it  is  not  needed  for  immediate  processing,  and  to  evoke  the  information  from  the  Ps 
again  when  the  need  for  it  is  recognized.  An  observed  attribute  of  the  P  firing  behavior  is 
that  a  significant  number  of  firings  deal  exclusively  with  erasure  of  items  from  Working 
Memory.  As  the  third  efficiency  topic,  thus,  we  will  examine  the  possibilities  for  making 
erasure  easier.  Finally  we  consider  the  possibility  of  mixing  lisp  code  with  the  PS  code  to 
achieve  efficiency  in  selected  processes.  These  four  efficiency  topics  will  be  discussed  in 
order  in  the  following  paragraphs. 

From  the  summary  figures  given  at  the  end  of  the  control  flow  trace  (Appendix  E) 
the  F  Ps,  the  M  Ps,  the  K  Ps,  and  the  X  Ps  account  for  602  to  702  of  the  P  firings  in  GPSR. 
Since  the  M  Ps  are  problem-solving  methods,  a  high  proportion  there  is  inevitable,  but  the 
Ps  (filing),  Ps  (matching),  and  X’s  (building  external  representations)  should  be  less 
prominent  if  possible.  Fortunately,  the  PS  representations  are  amenable  to  collapsing 
sequences  of  related  P  firings,  especially  in  the  case  of  Ps  that  are  interpreting  task- 
specific  structures.  As  we  have  seen  in  the  PS  representation  of  loc-progs,  in  contrast  to 
the  way  the  GPSR  match  works,  it  is  possible  to  obtain  a  lot  of  action  in  a  single  P  firing 
that  is  adapted  to  the  task  structure.  So  the  basic  idea  in  what  is  proposed  now  is  to  take 
further  advantage  of  the  fixed  format  and  close  similarity  of  task-specific  objects.  We 
should  be  able  to  do  this  wherever  an  interpretive  node-by-node  search  of  objects  is 
done,  or  where  components  of  a  parameterized  abstraction  of  node  paths  are  examined 
singly. 


An  easy  way  to  find  pointers  to  places  where  some  P-firing  collapsing  may  be 
possible  is  the  control  flow  trace,  Appendix  E.  In  that  trace,  P  firings  are  grouped  into 
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modules  according  to  P  initials,  and  the  size  of  each  group  is  given.  Using  these  modules 
in  this  way  assumes  that  they  represent  modularity  of  Knowledge,  and  that  collapsing 
firings  across  module  boundaries  is  more  difficult  and  has  much  less  benefit  because  the 
aspects  of  the  Working  Memory  that  are  touched  on  in  different  modules  are  almost  non- 
overlapping.  The  following  are  suggested  using  a  minimum  of  5  P  firings  in  one  module. 
The  match  (K  Ps)  could  be  organized  to  recognize  specific  differences  with  single  P  firings, 
given  the  proper  setup  (similar  to  the  loc-prog  filing  process)*,  although  some  differences 
would  be  extracted  much  more  easily,  there  is  still  the  problem  of  determining  what  more 
has  to  be  done  in  the  match  by  the  interpretive  process.  The  operations  evoked  by  task 
operators  (T  Ps)  could  be  collapsed  into  a  loc-prog  access  followed  by  the  appropriate 
operation  at  the  location.  Similarly,  with  the  proper  variants  of  the  loc-prog  access 
mechanism,  copying  objects  (C  Ps),  constructing  desirable  assignments  (M32  ff.),  and 
building  the  external  representation  of  objects  (X  Ps)  can  be  streamlined  into  fewer 
segments  that  do  the  same  action  as  the  interpretive  node  search.  Perhaps  the  loc-prog 
filing  process  could  process  sets  of  links  together  also,  after  an  initial  determination  of  the 
size  of  loc-progs  appropriate  to  a  particular  problem.  Desirable  assignment  filing  could  be 
adapted  to  respond  faster  on  known  variable  subsets  composing  the  assignments.  A  few 
of  the  P  firing  sequences  indicated  as  candidates  for  this  discussion  by  the  control  flow 
.  summary  trace  are  not  considered  here  but  are  below  with  the  erasure  topic.  Others  are 
sequences  of  control  that  is  not  task-specific,  so  that  a  way  is  not  yet  seen  to  easily 
collapse  them. 

To  get  some  idea  of  where  it  is  necessary  to  reduce  the  size  of  Working  Memory, 
we  consider  the  state  after  the  MCO  test  run  in  Appendix  F.  Working  Memory  has  about 
1270  instances  for  that  test  (the  number  of  instances  at  the  end  of  tests  ranges  from 
somewhat  more  than  that  for  MCI  down  to  about  350  for  MK).  Of  those,  437  are  used  in 
instances  dealing  with  the  goal-subgoal  structure,  spread  over  17  predicates,  with  a 
maximum  per  predicate  of  about  70  instances;  287  are  used  to  represent  objects,  mostly  in 
two  predicates,  LINKS  and  HASVAL,  which  are  heavily  loaded  with  192  and  154  instances) 

1  and  137  are  used  in  Try-Apply  context  that  is  saved  to  allow  goals  to  be  retried  to 
explore  alternate  paths  -  of  these,  most  (115)  are  in  the  ASSIGNS  predicate,  which  holds 
operator  variable  assignments. 

A  more  dynamic  view  of  the  memory  state  is  given  by  the  data-flow  analysis 
summary  at  the  end  of  Appendix  E;  that  summary  indicates  a  history  of  instances  of  each 
predicate  in  terms  of  how  long  the  delay  is  between  assertion  and  final  use.  Predicates 
whose  instances  have  long  delays  are  considered  more  global  or  long-term  than  others,  so 
that  these  are  candidates  for  being  stored  in  Ps  and  evoked  later  when  needed.  By  this, 
the  goal  representation,  operator  components,  variable  domains,  desired  assignments,  and 
objects  rank  as  most  global;  Try-Apply  context,  information  on  the  created  net  Ps  (desired 
assignment,  object,  and  loc-prog),  ancf  loc-prog  components  are  lass  global  but  can’t  be 
considered  local. 

Thus,  according  to  both  static  and  dynamic  considerations,  goals,  objects,  and 
assignments  must  be  stored  as  RHSs  of  specific  Ps,  evoked  whenever  they’re  needed,  and 
erased  from  Working  Memory  after  use.  This  would  reduce  Working  Memory  to  about  200 
instances,  with  no  predicates  having  a  large  number  of  instances,  thus  making  the  match 
more  efficient  by  reducing  access  time  for  memory  items.  Of  those  200,  about  100  are 
instances  of  predicates  unused  except  for  debugging.  This  change  in  memory  for  goal 
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contexts  would  necessitate  the  use  of  an  EPAM  net  for  goal  recognition,  as  opposed  to  the 
present  specific  Ps  that  match  to  all  of  the  past  goats  in  Working  Memory.  Changes  would 
be  necessary  in  the  Try-Old-Goals  process,  with  probably  the  necessity  to  record  a  goal’s 
status  in  relation  to  Try-Old-Goals  when  it  is  erased  from  Working  Memory.  Also,  the 
storage  of  objects  in  Ps  makes  representing  TABLEtCONN  and  D  IFF  ORDER  as  objects 
somewhat  clumsy,  so  that  a  more  suitable  specialized  representation  would  be  used.  With 
respect  to  efficiency,  the  other  representations  above  are  not  important,  but  they  will  be 
discussed  below  in  connection  with  further  discussion  of  Working  Memory  reduction. 

Erasure  in  GPSR  is  achieved  in  many  cases  by  specific  Ps  that  do  only  erasure,  and 
these  account  for  about  122  of  all  P  firings  on  a  typical  test  run.  For  instance,  specific 
erasure  must  be  done  for  intermediate  results  of  the  Match-Diff  submethod  (M22  ff.)  and 
for  stopping  the  match  from  generating  more  than  one  difference  when  filing  objects  (F20 
ff.).  These  erasures  are  within  P  modules,  so  perhaps  they  are  collapsable  by  the  methods 
used  above  for  other  multi-P  segments,  but  the  problem  is  that  what  needs  to  be  erased  is 
somewhat  variable.  Three  approaches  deal  more  directly  with  erasure,  as  follows.  More 
powerful  erasure  actions  might  be  incorporated  into  the  PS  language,  so  that  a  single  RMS 
action  would  accomplish  the  work  of  many  P  firings.  The  examples  seen  so  far  tend  to  be 
composed  of  instances  that  are  readily  described  by  simple  patterns  such  as  all  instances 
of  some  set  of  predicates.  Having  Working  Memory  automatically  fade  over  time  would  be 
another  way  of  erasing  unneeded  elements,  although  there  is  need  occasionally  for  explicit 
erasure,  so  this  could  not  be  adequate  by  itself.  Finally,  having  the  size  of  Working 
Memory  fixed,  with  new  elements  replacing  old  ones  according  to  a  first-in-first-out 
discipline  would  have  properties  similar  to  the  preceding. 

Changing  certain  operations  from  the  PS  language  to  action  (RHS)  functions  might 
improve  efficiency  in  some  limited  areas.  We  have  already  discussed  having  more 
powerful  erasure  operations,  which  is  an  example  of  this  hybridization.  Another  is  more 
powerful  P-building  operations.  It  might  be  useful  to  have  more  power  than  just 
modifying  current  functions  to  be  more  convenient  but  using  a  similar  number  of  P  firings 
(such  as  are  discussed  below).  A  more  powerful  capability  would  involve,  for  instance, 
picking  up  a  set  of  Working  Memory  instances,  forming  them  into  Ps  by  matching  argument 
positions  and  generalizing  constants.  A  third  possibility  for  using  better  Lisp  supporting 
functions  is  to  make  the  interface  between  Working  Memory  and  the  external  environment 
more  automatic;  for  instance,  this  would  replace  the  X  Ps  in  GPSR  by  a  single  RHS  action. 
Psnlst’s  limited  macro  capability  only  accesses  Working  Memory  through  variables  bound 
by  an  ordinary  PS  match,  but  the  more  powerful  function  would  access  Working  Memory 
directly. 

We  now  turn  to  the  topic  of  difficulties  with  the  PS  language  from  an  implementation 
viewpoint:  those  features  that  made  programming  somewhat  clumsy  and  debugging  more 
difficult.  In  the  next  three  paragraphs,  we  will  discuss  three  difficulties  as  follows.  The 
need  for  special  Ps  to  do  erasure  has  an  impact  on  programming  ease  as  well  as  on 
efficiency  as  discussed  above.  But  there  are  also  some  important  positive  properties  of 
erasure.  The  need  for  synchronizing  "parallel"  P  firings  as  discussed  in  Section  E.1  has 
undesirable  properties  of  requiring  Ps  to  be  rather  large  and  to  include  conditions  about 
diverse  kinds  of  knowledge.  A  better  set  of  operations  to  add  Ps  and  modify  them  will  be 
presented  with  the  aim  of  reducing  the  amount  of  list -processing  and  unnecessary 
manipulation  in  Ps. 
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There  ere  24  P$  in  GPSR  that  do  erasure  exclusively,  accounting  for  about  12T  of  P 
firings  in  e  typical  run,  as  mentioned  above.  In  addition,  erasure  will  become  more 
prominent  perhaps  as  more  of  Working  Memory  is  converted  to  Ps  as  has  also  been 
discussed.  Erasure  is  most  clumsy  in:  removing  intermediate  data  from  Match-Diff;  erasing 
unneeded  match  results;  erasing  objects  that  are  duplicates  of  previous  objects; 
terminating  processes  before  they  have  fully  run  their  course,  for  instance,  Match-Diff  1  in 
object  filing  and  stopping  the  search  for  identical  desired  assignment  when  recognizing 
goals,  both  of  which  are  instances  of  finding  one  member  of  a  set  that  has  some  property; 
erasing  unused  choices  in  Try-Old-Goais;  and  erasing  assignments  for  inapplicable  task 
operators  in  Try-Apply.  But  erasure  is  also  useful  in  some  cases:  in  indicating  that  some 
data  has  been  processed;  in  keeping  track  of  context,  when  in  a  generation  process;  in 
stopping  processes  before  completion  or  in  general  in  interrupting  processes;  in  indicating 
some  property  of  a  structure  without  making  an  addition  to  the  structure  -  for  instance, 
some  goals  are  rejected  from  retrying  in  Try-Old-Goals  by  absence  of  a  difficulty  value; 
and  in  showing  selection  by  erasing  unselected  candidates.  Remedies  for  negative  aspects 
of  erasure  have  been  discussed  above. 

Synchronization  of  parallel  P  firings,  discussed  in  Section  E.1,  has  two  undesirable 
features  from  the  programming  viewpoint:  it  makes  Ps  rather  large;  and  these  large  Ps  use 
diverse  knowledge  and  are  not  as  localized  and  independent  as  Ps  usually  are,  making 
assumptions  about  the  related  processes  which  are  subject  to  change  later.  For  instance, 
the  F42’s  which  do  synchronizing  of  several  matches  potentially  in  filing  objects,  M40 
which  synchronizes  feasible  assignment  generation  for  potentially  many  operators,  and 
M45  which  synchronizes  collection  of  operator  differences  in  Try-Apply.  Also  it  can  be 
clumsy  to  test  and  re-assert  control  signals  in  trying  to  finish  up  loose  ends  in  a  process 
that  may  have  fired  in  parallel.  One  remedy  is  to  remove  the  feature,  which  is  discussed 
in  Section  E.l.  A  second  is  to  add  some  control  primitive  that  could  be  used  to  insure  that 
all  data  asserted  since  some  special  signal  or  since  some  point  in  the  P  firing  history  has 
been  examined;  this  might  be  more  satisfactory  than  the  present  use  of  ad  hoc  data  aignals 
for  the  seme  function. 

Present  P-building  operations  are  clumsy  because  they  require  an  inordinate  amount 
of  list-processing  in  the  RHSs  of  Ps,  making  the  PS  look  more  complex  than  it  really  is  and 
reducing  readability  (see,  e.g.,  F4,  F34,  F55).  The  actual  operations  used  in  GPSR  are  much 
less  general  than  full  list-processing,  so  that  we  can  propose  a  set  of  better  operations  as 
follows:  add  P;  extend  LHS  of  P  -  e.g.,  as  links  are  collected  and  tacked  onto  a  basic  P  in 
building  up  a  loc-prog  recognition  P;  extend  RWS  of  P;  extend  a  nested  conjunction  inside 
an  LHS  -  e.g.,  when  a  P  has  a  nested  conjunction  that  excludes  conditions  in  another  P  and 
that  other  P  is  being  extended;  split  i  P  by  extending  its  LHS  in  two  distinct  ways, 
carrying  over  the  same  RHS  in  both;  update  an  RH$  conjunct,  as  when  in  splitting  a  P,  a 
constant  in  one  of  the  RHSs  needs  to  be  changed;  maintain  more  information  on  LHS 
variables,  and  use  it  when  extending  an  LHS  (although  perhaps  this  doesn’t  belong  in  the 
primitive  set)  -  in  GPSR  some  LHS  extensions  share  one  or  two  variables  with  the  previous 
LHS  but  want  most  extension  variables  to  be  distinct  from  existing  ones. 

In  GPSR,  PSs  have  been  used  as  a  language  with  emphasis  on  convenience, 
expediency,  and  efficiency,  rather  than  with  a  view  towards  accurately  simulating  human 
performance  at  the  PS  level.  Considering  a  PS  program  as  a  human  simulation  imposes  a 
number  of  constraints  on  the  form  of  the  program  and  its  execution.  P  size  in  humans  is 
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probably  limited;  that  is,  there  might  be  limits  on  the  number  of  conditions  and  actions  in 
each  P  that  would  have  to  be  taken  into  account  in  an  implementation.  Humans  appear  not 
to  have  the  same  kinds  of  arithmetic  and  list-processing  primitives  that  are  used  in  GPSR. 
In  some  cases,  other  primitives  would  be  used,  and  in  others,  GPSR  primitives  would  be 
achieved  by  sets  of  Ps.  On  the  other  hand,  the  power  of  the  PS  used  in  GPSR  is  probably 
much  less  powerful  than  the  human  control  mechanism  in  some  respects:  the  human  might 
have  a  much  more  GPS-like  match  capability,  with  provision  for  dealing  with  partial 
matches  and  extraction  of  differences;  and  it  probably  has  facilities  for  adding  Ps  and  for 
collapsing  sequences  of  P  firings  into  fewer  firings,  perhaps  as  sketched  above.  But  the 
most  gross  characteristics  of  GPSR  that  don’t  coincide  with  what  is  known  about  the  human 
immediate  processor  are  the  size  and  persistence  over  time  of  Working  Memory  items. 

We  have  discussed  some  of  the  ways  GPSR  could  be  changed  above,  in  connection 
to  making  it  more  efficient,  but  the  additional  Working  Memory  issues  to  be  discussed  now 
ere  perhaps  contrary  to  efficiency,  and  are  based  on  the  principle  that  Working  Memory  is 
smell  and  short-term.  All  of  the  following  issues  are  to  be  dealt  with  by  storing 
information  in  RHSs  of  Ps,  to  be  evoked  on  demand.  Task-specific  variable  domains  are 
presently  asserted  at  the  beginning  of  a  problem  and  are  used  from  Working  Memory 
throughout  a  problem  run.  Context  for  the  three  networks  of  Ps  that  are  built  up  by 
GPSR,  consisting  simply  of  pointers  to  the  last  Ps  added,  are  kept  as  Working  Memory 
items.  Components  for  task  operators  are  kept  in  Working  Memory  and  used  through  the 
run  by  the  desirability  selection  process;  modification  to  have  these  stored  as  Ps  would 
have  the  advantage  that  erasure  after  they  had  been  used  in  constructing  desirable 
assignments  would  be  an  indication  of  successful  completion  of  that  process.  Finally,  Try- 
Apply  context,  which  is  used  when  a  goal  is  retried  at  some  time  later  than  its  creation, 
could  be  stored  as  P  RHSs,  but  other  approaches  might  be  more  suited  to  the  problem¬ 
solving  methods.  Which  one  of  the  following  four  approaches  is  most  useful  depends  on 
the  size  of  the  set  of  alternatives  that  constitute  the  Try-Apply  context,  on  how  many 
times  a  generator  of  alternatives  is  restarted,  and  on  how  much  of  the  generator's  output 
is  used  each  time  it  is  started.  First,  a  problem-solving  method  that  can’t  do  as  complete  a 
search  of  alternatives  might  be  used.  Second,  generation  might  be  more  conservative  -  Ps 
could  keep  track  of  what  has  been  generated  so  that  the  generator  could  resume.  Third, 
the  generator  could  generate  the  full  set  of  alternatives  once  and  an  auxiliary  P  could 
store  the  part  of  the  set  that  remains  unused,  with  the  RHS  of  the  P  being  replaced  as 
more  is  used  or  with  a  new  P  with  a  shorter  RHS  added  and  the  old  one  rnasked  by  adding 
dummy  LHS  conditions  (the  assumption  is  that  Ps  can’t  be  deleted).  Fourth,  the  generator 
could  create  the  full  set  of  alternatives  each  time  and  auxiliary  Ps  could  then  consume 
parts  of  the  set  immediately  to  show  which  are  undesirable  due  to  past  use. 

Expansion  of  the  task  domain  handled  by  GPSR  might  best  be  achieved  by  making 
GPSR  more  interactive,  as  discussed  in  the  last  few  paragraphs  of  the  preceding 
subsection.  Here  we  discuss  briefly  how  PSs  have  an  impact  on  this  goal.  With  respect  to 
the  incremental  simulation  technique,  the  PS  step  size  and  the  GPS  executive -method-task 
division  are  useful.  The  high  level  of  PSs  makes  the  expression  of  knowledge  similar  to 
the  GPS  method  level,  but  of  course  the  entire  GPSR  program  is  at  that  level  and  uniformly 
expressed.  Thus,  experiments  with  all  GPS  constructs  are  conducted  in  a  language  close  to 
that  method  level.  As  we  have  seen,  the  openness  of  PSs  makes  extension  easy  (Section 
E.3),  but  PSs  also  seem  promising  with  respect  to  making  changes  in  natural  language,  end 
examining  the  knowledge  content  of  Ps  also  in  natural  language.  We  saw  an  example  of 
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natural  language  expression  of  Knowledge  in  GPSR  in  Section  E.5.  Finally,  maintaining  a 
useful  history  of  program  operation  is  essential  to  useful  interaction.  For  PSs,  the  history 
consists  of  the  P  firings,  and  if  this  is  detailed  enough,  it  can  be  used  for  backing  up  to 
undo  a  stream  of  behavior,  for  detecting  common  sequences  so  that  shortcuts  can  be  taken 
or  planning  in  the  senses  discussed  in  the  preceding  subsection  can  be  done,  and  for 
making  analogies  with  similar  previous  behavior  so  that  errors  can  be  diagnosed,  or  so 
that  methods  can  be  generalized  or  extended  to  work  in  new  situations.  PSs  can  be  used 
to  detect  conditions  of  program  error,  and  simply  to  direct  the  process  elsewhere  using 
standard  GPS  executive  processes,  thus  avoiding  errorful  areas  of  the  search  -  this 
assumes  that  the  methods  are  redundant  enough  that  there  is  more  than  one  method  to 
getting  past  some  obstacle.  Having  Ps  detect  and  fill  in  partial  matches  by  determining 
what  is  supposed  to  be  there  for  a  process  to  work  (by  analogy  as  suggested  above)  Is 
also  conceivable. 


GL3.  Production  systems  as  a  new  level  of  problem-solving 

From  the  work  with  GPSR,  it  is  evident  that  PSs  constitute  a  real  advance  in  the 
nature  of  problem-solving  languages  and,  by  extrapolation,  in  organization  of  problem¬ 
solving  programs.  To  see  this  consider  three  classes  of  problem  solvers:  GPS,  theorem- 
provers,  and  PSs.  The  traits  that  should  be  emphasized  for  our  comparison  are  as  follows. 
For  GPS,  methods  are  powerful  heuristics,  allowing  search  through  the  set  of  problem 
stetes  to  be  significantly  pruned.  GPS  is  limited  to  relatively  small  objects  (problem 
states),  and  is  limited  in  its  ability  to  describe  match  differences.  GPS  is  also  limited  in  its 
ability  to  become  tuned  to  particular  tasks  (but  not  GPSR,  we  maintain).  The  power  of  GPS 
to  solve  problems,  and  for  problems  to  be  expressed  in  language  usable  by  GPS,  seems  to 
be  good,  but  we  have  no  rigorous  proofs  of  task  area  coverage  or  language  power.  For 
theorem  provers,  strategies  seem  to  be  weak,  since  they  are  uniform  procedures  with 
search  not  so  easily  restricted.  There  are  no  limits  on  representational  power  as  It 
pertains  to  objects  or  descriptions  of  differences,  except  that  some  solution  to  the  frame 
problem  must  be  used.  Theorem  provers  are  not  obviously  tunable  to  particular  tasks. 
Expression  of  tasks  for  them  is  uniform  and  general.  For  PSs,  we  now  can  say  that  GPS's 
methods  are  usable.  In  addition,  they  can  represent  with  the  same  power  as  theorem 
provers,  but  their  expression  is  not  limited  to  declarative  (non-procedural)  forms.  PSs  are 
tunable  to  particular  tasks  and  open  for  modification,  as  sketched  above,  especially  with 
respect  to  properties  of  GPSR's  representations.  In  most  respects,  other  new  AI 
languages  (see  Bobrow  and  Raphael,  1973),  for  instance  the  Planner-like  ones,  are  very 
much  like  PSs;  the  exceptions  are  the  last  two  properties  of  PSs:  there  has  not  yet  been  a 
demonstration  that  they  can  become  tuned  to  tasks,  nor  has  their  representation  been 
demonstrated  to  be  as  much  a  mixture  of  declarative  and  procedural  as  have  PS 
representations.  Thus  PSs  are  an  advance  in  constructing  problem  solvers,  in  combining 
useful  traits  of  GPS  and  theorem  provers,  and  in  addition  having  the  traits  of  tunability  to 
tasks  and  flexible  representation. 

GPSR's  organization  of  executive  ♦  methods  ♦  task  Ps  is  modular  with  respect  to 
bodies  of  knowledge  in  each  of  the  components,  but  in  itself  this  is  not  a  point  of 
superiority  over  other  languages.  The  essence  of  means-ends  analysis  is  the  particular 
combination  of  transform,  reduce,  and  apply  methods,  so  this  is  not  likely  to  be  a  place  to 
distinguish  PSs  from  the  others.  Also,  the  processes  that  compose  methods  appear  to  be 
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modular  and  could  ba  used  in  new  combinations  for  new  methods;  other  processes  could 
likewtv*  replace  the  present  ones.  But  only  the  most  general  aspects  of  PSs  seem  to  be 
helpfui  here,  namely  uniformity  of  expression,  high  level  of  expression,  explicitness,  and 
the  global  property  of  Working  Memory.  That  is,  we  must  look  for  PS  advantages  at  more 
specific  locations  in  the  GPSR  organization. 

The  GPSR  organization  is  open  for  use  as  a  driver  or  subroutine  of  some  problem 
solver,  as  follows.  There  are  three  points  where  an  interface  to  a  problem  solver  could 
occur:  the  place  between  the  external  evoker  and  the  GPSR  executive;  the  place  where 
the  executive  evokes  the  methods;  and  the  place  where  methods  evoke  task  Ps.  For  the 
first,  GPSR  is  open  because  action  is  in  small  increments;  this  allows  an  outer  process  to 
interrupt  at  each  executive  cycle.  The  executive  has  very  little  control  context:  just 
sequencing  commands  from  specific  methods  (that  specify  what  is  to  be  done  on  success) 
and  the  information  stored  in  the  goal  network.  Also  the  executive  requires  little  input: 
just  a  few  goal  properties.  The  executive  is  independent  of  task  representation,  working 
at  a  rather  distant  level  from  the  task;  this  may  or  may  not  be  a  feature  that  distinguishes 
the  PS  implementation  from  others.  For  the  second  interface,  the  only  advantages  from 
PSs  are  the  uniformity  of  expression  of  all  parts  of  the  program  and  the  high  level  of  PSs 
as  a  language.  For  the  third  interface,  having  the  task  expressed  as  Ps  is  quite  an 
advantage,  apparently.  Other  languages  distinguish  too  much  between  data  and 
procedures  to  allow  such  flexibility. 
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